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GENERAL INTRODUCTION TO THE SERIES. 

During the past few years the civilised world has begun to realise the 
advantages accruing to scientific research, with the result that an ever- 
increasing amount of time and thought is being devoted to various 
branches of science. 

No study has progressed more rapidly than chemistry. This 
science may be divided roughly into several branches : namely, Organic, 
Physical, Inorganic, and Analytical Chemistry. It is impossible to 
write any single text-book which shall contain within its two covers a 
thorough treatment of any one of these branches, owing to the vast 
amount of information that has been accumulated. The need is rather 
for a series of text-books dealing more or less comprehensively with 
each branch of chemistry. This has already been attempted by 
enterprising firms, so far as physical and analytical chemistry are 
concerned ; and the present series is designed to meet the needs of 
inorganic chemists. One great advantage of this procedure lies in 
the fact that our knowledge of the different sections of science does not 
progress at the same rate. Consequently, as soon as any particular 
part advances out of proportion to others, the volume dealing with 
that section may be easily revised or rewritten as occasion requires. 

Some method of classifying the elements for treatment in this way 
is clearly essential, and we have adopted the Periodic Classihcation 
with slight alterations, devoting a whole volume to the consideration 
of the elements in each vertical column, as will be evident from a glance 
at the scheme in the Frontispiece. 

In the first volume, in addition to a detailed account of the elements 
of Group 0, the general principles of Inorganic Chemistry are discussed. 
Particular pains have been taken in the selection of material for this 
volume, and an attempt has been made to present to the reader a 
clear account of the principles upon which our knowledge of modern 
Inorganic Chemistry is based. 

At the outset it may be w'ell to explain that it was not intended 
to wu'ite a complete text-book of Physical Chemistry. Numerous 
excellent wurks liave already been devoted to this subject, and a 
volume on such lines w-ould scarcely serve as a suitable introduction 
to this series. Whilst Physical Chemistry deals with the general 
principles applied to all branches of theoretical chemistry, our aim 
has been to emphasise their application to Inorganic Chemistry, with 
Avhich branch of the subject this series of text-books is exclusively 
concerned. To this end practically all the illustrations to the laws 
and principles discussed in Volume I. deal with inorganic substances. ^ 

Again, there are many subjects, such as the methods employed in 
the accurate determination of atomic weights, wdiich are not generally 
vpo-arded as fonnincr part of Physical Chemistry. Yet these are 
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subjects of supreme importance to the student of Inorganic Chemistry 
and are accordingly included in the Introduction. 

Hydrogen and the ammonium salts are dealt with in Volume II., 
along with the elements of Group I. The position of the rare earth 
metals in the Periodic Classihcation has for many years been a source 
of difficulty. They have all been included in Volume IV., along with 
the elements of Group III., as this was found to be the most suitable 
place for them. 

Many alloys and compounds have an equal claim to be considered 
in two or more volumes of this series, but this would entail unnecessary 
duplication. For example, alloys of copper and tin might be dealt 
with in Volumes II. and V. respectively. Similarly, certain double 
salts — such, for example, as ferrous ammonium sulphate — might very 
logically be included in Volume II. under ammonium, and in Volume IX. 
under iron. As a general rule this difficulty has been overcome by 
treating complex substances, containing two or more metals or bases, 
in that volume dealing with the metal or base which belongs to the 
highest group of the Periodic Table. For example, the alloys of copper 
and tin are detailed in Volume V. along with tin, since copper occurs 
earlier, namely, in Volume II. Similarly, ferrous ammonium sulphate 
is discussed in Volume IX. under iron, and not under ammonium in 
Volume II. The ferro-cyanides arc likewise dealt with in Volume IX. 

But even with this arrangement it has not always been found easy 
to adopt a perfectly logical line of treatment. For example, in the 
chromates and permanganates the chromium and manganese function 
as part of the acid radicals and are analogous to sulphur and chlorine 
in sulphates and perchlorates ; so that they should be treated in the 
volume dealing with the metal acting as base, namely, in the case 
of potassium permanganate, under potassium in Volume II. But the 
alkali permanganates possess such close analogies with one another 
that seiDarate treatment of these salts hardly seems desirable. They 
are therefore considered in Volume VIII. 

Xumerous other little irregularities of a like nature occur, but it is 
hoped that, by means of carefully compiled indexes and frequent cross- 
referencing to the texts of the separate volumes, the student will 
experience no dihiculty in finding the information he requires. 

Particular care has been taken with the sections dealing with the 
atomic weights of the elements in question. The figures given are not 
necessarily those to be found in the original memoirs, but have ])ecn 
recalculated, except where otherwise stated, using the following 
fundamental values : 


Hydrogen 

1*00762. 

Oxygen = 

16*000. 

Sodium 

= 22*996. 

Sulphur — 

32*065. 

Potassium 

= 39*100. 

Fluorine = 

19*015. 

Silver 

= 107*880. 

Chlorine = 

35*457. 

Carbon 

= 12*003. 

Bromine = 

79*916. 

Xitrogen 

= 14*008. 

Iodine = 

126*920. 


By adopting this method it is easy to compare directly the results of 
earlier investigators with those of more recent date, and moreover it 
renders the data for the dilferent elements strictly comparable through- 
out the whole series. 

Our aim has not been to make the volumes absolutely exhaustive, 
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as this would render them unnecessarily bulky and expensive ; rather 
has it been to contribute concise and suggestive accounts of the various 
topics, and to append numerous references to the leading works and 
memoirs dealing with the same. Every effort has been made to render 
these references accurate and reliable, and it is hoped that they will 
prove a useful feature of the series. The more important abbreviations, 
which are substantially the same as those adopted by the Chemical 
Society, are detailed in the subjoined lists, pp. xvii-xix. 

The addition of the Table of Dates of Issue of J ournals (pp. xxi-xxviii) 
will, it is hoped, enhance the value of this series. It is believed that 
the list is perfectly correct, as all the figures have been checked against 
the volumes on the shelves of the library of the Chemical Society by 
Mr. F. W. Clifford and his staff. To these gentlemen the Editor and 
the Authors desire to express their deep indebtedness. 

In order that the scries shall attain the maximum utility, it is 
necessary to arrange for a certain amount of uniformity throughout, 
and this involves the suppression of the personality of the individual 
author to a corresponding extent for the sake of the common welfare. 
It is at once my duty and my pleasure to express my sincere appre- 
ciation of the kind and ready manner in which the authors have 
accommodated themselves to this task, which, without their hearty 
co-operation, could never have been successful. Finally, I wish to 
acknowledge the unfailing courtesy of the publishers, Messrs. Charles 
Grifiin & Co., who have done everything in their power to render the 
work straightforward and easy. 

J. NEWTON FRIEND. 

January 1934. 



PREFACE. 


A GENERAL survev of Group V. of the Periodic Classification Iris 
already been given in Part I. of this Volume, Chapter I. The position 
of phosphorus, and its importance in the progress of pure chemistry 
and technology, call, however, for a further brief introduction. 

Like nitrogen, phosphorus is a key element in agriculture, with the 
following important differences however. Xitrogen compounds are 
‘'wasting assets’" which require to be vigorously supplemented by the 
application of manures which may be natural or artificial. A supjdy 
of phosphates in a finely divided state represents more permanent 
capital, whic'h is not much drawn upon except by the actual require- 
ments of plant lil'c. The industry of {)hosphatic I'crtilisers is mainly 
(‘oncerned with supplying ])hosphatcs in a more soluble form and also 
in admixture with other essential materials, such as lime, potash 
and ammonia. Recognition of the importance of phosphatic manures 
dates from, about the middle of the XIXth century, when they were 
applied in the form of bones, bone-dust, bone-ash, guano and super- 
phosphates as a result of a sequence of operations which has developed 
into the present great phos[)hatc industry. 

The luminosity of j-ihosphorus, due to its smouldering combustion, 
attracted mucli attention on the discovery of the element towards 
the end of the XVIlth century. Although Boyle was able to describe 
some of the properties of the element and to prepare the pent oxide, 
knowledge of this active element did not ma.kc much progress until 
about the end of the XVIIIth century, wlien Schccle discovered a, 
more abundant soui’ce in bone-ash, and also an efficient method of 
preparation. Fi’om the beginning of the XIXth century, however, 
much rcscarc'h was undertaken into the numerous compounds of 
])hosphorus. many of which are volatile without decomposition, and 
hence ]:)layed a leading part in establishing atomic and molecular 
weights. 

Phosphoric acid was the original of the “three water molecule 
type”; replacement of these molecules by basic oxides in typical 
])hosphatcs, investigated by Clark, led Graham to the theory of basicity. 
In aqueous solutions phosphoric acid has ])layed a no less impoidant 
])art as an examjde of successive dissociation of hydrogen ions. The 
theory of‘ isomoi’phism, enunciated by Vitschcrlich and others, was 
founded on the phosphates and arsenates. 

An important tec-hnical development which took place from about 
tlic middle of the XIXth cciituiy was the mamdacturc of friction 
matches, which was largely due to the discovery o(‘ red phos])horus 
at this ])eriod. 

The s\rstematic chemistry of phos])horus was known in considerable 
detail by the third quarter of last century; its thermochemistiA' had 
been largely woj’ked out by Thomsen, Bcrthelot and Giran, while 

XI 



PHOSPHORUS. 


xii 

numerous physical constants had been obtained b}" Gladstone, Sir 
Edward Thorpe and others. These data, and their references, lend a 
somewhat antique air to parts of this book, but are nevertheless tlie 
accepted data of to-day. 

Most types of combination are shown by this most reactive element; 
the number and variety of its compounds with other non-metallic 
elements are especially ]ioteworthy. The halide series is more complete 
than that of any other non-metal, including the congeners nitrogen 
and arsenic. In number and variety of hydrogen compounds, however, 
phosphorus is surpassed by nitrogen. Alk\d compounds are well 
developed witli all three elements; there is, however, a greater variety 
of organic nitrogen compounds, while the extensive discover}’' of organo- 
arsenic compounds due to their importance in medicine has necessitated 
a special treatise in this Series, i.e. Volume XI,, Part II. 

Phosphorus is almost exclusively tervalent in its organo-compounds 
and lower halides, etc., and quinquevalent in the compounds PX5, 
phosphonium compounds and the phosphoric acids; according to 
modern theory, however, this quinquevalency is really quadricovalency. 
Compounds showing other valencies are not common, and sometimes 
are of doubtful individuality. 

In the Fifth Group the higher stage of oxidation appears to attain 
a maximum stability in the case of phosphorus, as is seen by comparing 
the pentoxide or phosphoric acids with the corresponding compounds 
of nitrogen and arsenic. Phosphoric oxide and acid are formed with 
the greatest decrease of total energy, and do not, like nitric and arsenic 
acids, behave as oxidising agents under ordinary conditions. Connected 
with this is the fact that the lower oxides and acids of phosphorus act 
as reducing agents in solution to a greater extent than nitrous and 
arsenious acids. 

Phosphoric acids form many auto- and hetero-complexes, in which 
respect they are similar to the acids of vanadium and its congeners, 
as well as those of silicon. Three degrees of hydration, known as ortho-, 
pyro- and meta-, are also found, with certain differences, with other 
members of Group V. 

In addition to the original memoirs in recognised scicntiric journals 
the writer has found it convenient to consult Mellor’s Comprehensive 
Treatise and tlic detailed contributions by Brauner and Schcnck in the 
third part of the third volume of Abegg’s Handbiich der anorgcmischen 
Chemie. For special sections free use has been made of Smits’ Theory 
of Allotropy and other monographs, the appropriate original papers, 
and the Annual Reports of the Chemical Society. The principal sources 
of technical information are: Parrish and Ogilvie's Artificial Fertilisers 
(Benn), Fritsch's The Manufacture of Chemical Manures (Scott, Green- 
wood and Company), the various Reports on Applied Chemistry, and 
articles in the technical journals. 

In conclusion, it is again a pleasant duty to express my thanks to 
the General Editor of this Series, Dr. J. Xewton Friend, for his unfailing 
care, and to ^Ir. \V. E. Thorncycroft for further useful criticisms of the 
proofs. 

UxTVEKSiTY College, Xottixghav, 

January 1934 . 


E. B. R. PRIDEAUX. 
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PHOSPHORUS. 


CHAPTER I. 

PHOSPHORUS, GENERAL. 

Symbol, P. Atomic number, 15. Atomic weight, 31-02 (0=16). 

Occurrence. — Phosphorus docs not appear to occur in the free state 
in nature. It it were ])roduccd by the reduction of phosphatic minerals 
at high temperatures it would be liberated as vapour, which would 
condense to lic^uid or solid white phos]ihorus, and would again be 
oxidised rajiidly under most conditions. Sulphur, wliich resembles 
phosphorus in so many I'csjiccts, does, however, occur as element in. 
considerable cpiantities, because it is produced in many reactions 
which take place at comparatively low tcm])cratures (such as that 
between IL 2 S and SO.^), and, when once produced, is far less easily 
oxidised than ])hos{)horus. Phosjiborus (0-142) is actually more 
abundant than sulphur (O-OOB), the numbers in brackets referring to 
the percentage of the earth's 10-mile crust, with atmosphere and 
hydrosphere,^ constituted by the element. Phos])horus is thus twelfth 
m the order of abundance, coming below chlorine In.it above carbon. 
In the 10-milc crust conpiosed of the lithosphere only, ])hos])horus is 
present to the extent of 0-157 per cent., being now in the tenth place, 
since hydrogen and chlorine in the rocks occupy a position below 
])hosphorus, although they arc still above carbon. The average pro- 
]iortion in igneous rocks is 0-13 per cent., whilst the element is also 
common in sedimentary rocks, chiclly as phos])hatc of lime, and to a 
less extent as phos])hatcs of iron and alumina. These secondary 
deposits are by far tlie most important sources of jihospliatcs. They 
ai’c derived probably from the widely but sparsely diffused ingredients 
of igneous rocks and from the well-crystallised but jnore stable minerals 
such as apatite, (calcium lino- or ehloro-jihosphate), which gradually 
disintegrate,'' jiass into the soil, and are concentrated in nlant tissues 

^ ClaTk and W'ashin^^ton, arnc. Sal. Acad. Set. IJ.S.A., 1022,8, 108. Boo al.so ilarkina, 
J. Aiii.tr. Cheat.. Soc., 1017, 39 , 856; Tanimann, Zeia-ch. aa.onj. Cheat., 1923, 131 , 06. 

“ J.indgrcn, Scon. Oeol., 1023, 18 , 419; also Blackweldcr, Awer. J. Set., 1916, [4], 
42 , 285. 
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and in the bones of animals, which eventually 3deld dejoosits of phosphate 
of lime. The compositions of the principal phosphatic rocks are detailed 
in Chapter XV. 

Phosphorus is present to the extent of about 0-1 per cent, in ordinary 
soils. From this source plants draw the supplies which are essential 
to their growth — the phosphorus is found mainh^ in the seeds, and is 
more concentrated in the germ of tlrese. It is estimated that 100 lbs. 
of corn contain nearly i lb. of phosphorus. Phosphorus is also present 
in the bodies of animals, and although a minor constituent of the soft 
parts, is absolute^ necessary to life. It is present as soluble phosphate 
in the blood, milk and other fluids, as a constituent of organic com- 
pounds in the brain, spinal cord, and other parts, and as calcium phos- 
phate ill the bones. The proportions vary considerably in different 
parts of the body. Ox brain has been found to contain nearly 2 per 
cent., human liver 1 per cent. In animal fats phosphorus occurs com- 
binecl in the lipoid ” form — for example, as lecithin. Bones contain 
oveT 40 per cent, of calcium and magnesium phosphates. The human 
skeleton, weighing about 14 lbs., contains about 5 lbs. of calcium 
phosphate, or 1 lb. of phosphorus. Since the bones form about 10 per 
cent, of the total weight of the body, and the rest of the body, exclusive 
of the bones, contains of the order of OT per cent, of phosphorus, it 
will be seen that there is slightly over 1 ib., or about 500 grams, of 
this element in the body. Analysis of certain parts of the body shows 
that about 90 per cent, of the phosphorus is ])rescnt in the bones, 
8 per cent, in the muscles, and a total of 2 per cent, in the brain, liver, 
lungs, and blood. ^ 

While plants use ])hosp]iorus very sparingly, animals require a 
greater proportion for their metabolism. 

The continual secretion of phos^diorus Jicecssitates a constant 
supply. About 1 gram a day for the adult is required to maintain 
the body equilibrium.'" An adequate supply is also one of the 
factors which control growth. The milk of the cow contains about 
0'2 per cent, of 1X65, that of tiic rabbit nea.rly ] per cent. In. other 
cases also there is a relation between the percentage of ])hosphorus in 
the milk and tlic rcci])i’oeal of the number of days required to double 
the weight at birth. 

History. — As just explained, })hos])horus is coueentrated in plant 
and animal products. These are not only more widely distributed than 
the rich phosphatic minerals, but they also form a more interesting and 
attractive object of experiment, and, what is ])crhaj)s nioj'c importanl:, 
they contain thcii’ own reducing agents. It is not surprising, therefore, 
that the clement was lirst discovered in its organic sources by the doctors 
and pliannacists wdio iornicd the majority of the expej-imcntalists 
in the latro- chemical and siieeecding periods of (dieniical history. 
By distillation of the residue from the eva])oratiou of urine (which 
contains phosphates and organic matter) the alchemist Brand in 16(j9 
obtained a substance which glowed withoi-it any notieciibic evolution 
of heat.^ Ih'and’s proeuss was described by Kirehmaier in IGTG and 
discovered indcn)endcntly by Kunkcl in. 1G78, who designated the 

^ Jjlc. r kosjjhortkv.rd.'jjic, v;o//t JStaNdpiitildc dc6 /Saucrdiojfwcch.'^cl.^ aud bctmcJi.tod,''' Weber, 
ArzL Jiddch., .UJO"), 15 , 398, Miinieli. 

* l'2i) grams per each iUO kilograms body- weight. 
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product “ noctiluca and “ phosphorus mirabilis ” respectively, by 
which names it was distinguished from Bolognese phosphorus (“ lapis 
bononicnsis and Baldwin’s phosphorus (“ phosphorus hermcticus ”), 
wliieh are phosphorescent sulphides of the alkaline earths. 

Brand’s secret was bought by Krafft, who exhibited “ das kalte 
Feuer '' at various Courts, and in 1677 at that of King Charles II,, 
where it was seen by Boyle, who, being informed that it was prepared 
from an animal source, worked out the method of preparation and 
described this in a sealed paper which was deposited with the Royal 
Society in 1680 and published in 1693.^ The urine vras evaporated 
down to a syrup, which was mixed with three times its weight of clean 
sand and distilled at the highest available temperature from a retort, 
the neck of which almost touelied the surface of some water. Yvhite 
fumes gi\’cn oh at first were folio v'cd b}" a \'apour which condensed and 
fell to tlic bottom of the wa.tcr. At the lieginning of the eighteenth 
century the noctiluca ” was made and sold by Boyle’s assistant 
Hanekewit/, and consequently it became known a.s'“ Boyle’s plios- 
phorus or English phosphorus.” 

Phosphorus Avas detected also in mustard seed by Albinus in 1688.^ 
Tlie existence of large supplies in minerals had been established by 
Gahn towards tlie end of the eighteenth century, who also recognised 
it in hone~ash (1769) and in the mineral pyromorphite (1779). 

Plaosphorus was prepared in various European countries during the 
eighteenth century, but it remained an expensiA'c chemical curiosity until 
Gahn, about 1770, discoA'cred in bone-ash a more suitable source of 
phosphorus, and Schccle developed a method of preparing the element 
AvKieh was described in several communications.^ According to this 
method tlie acid liberated from bone-ash means of nitric acid and 
freed from lime by ])recipitation with sul])]iuric acid, Avas distilled AAuth 
charcoal, ])]ios])liorus being c'oliected under AA'atcr. Tliis method has 
the advantage of yielding the ])hos])horus at a comparatively low tem- 
jAcraturc^, but the mctapliosplioric acid liberated by the nitric acid is 
])artly Amlatilised and so partly escapes rcdueticn. The ])rcscnt method 
of ])re])aration proceeds by the folloAAung stages : — 

Ca3(PO,)o -i- 3H0SO4 = 3 CaSO., -r 2H3PO, . . (1 ) 

The calcium sulpluitc is filtered off and the phos]dioric acid concen- 
trated to a syruj) and strongly heated in order to convert it into 
m et a ] ) 1 1 ( ) s j ) 1 1 o 1- i c acid — 

ll^VO^,^YlFO.-rlloO . . . ( 2 ) 

This acid is mixed into a paste Avith charcoal or ground coke and 
distilled, hnishing at a yelloAV heat — 

4mY').-~}2C=^l\~2lY~12CO . . • ( 3 ) 

^ Itn-Jc, I'lui. Tr(Ui.<., J 080, 13, 100, -i'lS; t.bi'L, 1(393, 17, 083; ‘'''Atrial NociLhicap 
Lotirlon, i(38U; " Icjj X (jcldiica," L(Jiuion, 1680. 

- AlbiiiUH, " JJi.srrr/. dt phosjdKjru liquid'^ (d c-ohdo,"' trancofiirti, i(388. 

•’ ScluHik.', Srrt!.st[-a Altad. HaudL, 1771, 33, "GaztUa Aalutaire da BoiuUonp 

1770; s(‘o also "Crion. Abh. van d(r Lv.Jl 'ivnd FtuerP 1771. 
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Commercial Preparatiox of Piiosphori's. 

Px'eparation of White Phosphorus. 

(a) By Reduction of Phosphoric Acid. — The workUs supplies 
of phosphorus were for nearly a century obtained by a metliod sub- 
stantially identical ^vith that of Scheele. Scheele's raw material bone- 
ash, containing as it does from 84 to nearly 40 per cent, of P2O5 and 
decomposed easily by sulphuric acid, is still the best which can be used. 
Precipitated phosphate of lime obtained as a by-product in the manu- 
facture of glue from bones also contains nearly 40 per cent, of P2O5 and 
is otherwise suitable. If phosphatic minerals arc used for the pre- 
paration they must contain less than 10 to 12 per cent, of calcium 
carbonate, with only small quantities of the oxides of iron, aluminium, 
magnesium and the alkali metals, sinec these dissolve in the acid and 
reappear in the retorts with undesirable effects. The aqueous phos- 
phoric acid liberated by the sulphuric acid is concentrated by 
evaporation in lead-lined wooden tanks heated by lead pipes through 
which passes superheated steam. Evaporation is continued with 
stirring until the density of the liquor is raised to 1-825 or to 1-50, 
according to the nature of the next process. After the removal of 
any gypsum, CaS04.2H20, or anhydrite, CaSO^, the concentrated 
acid is mixed with saw-dust or charcoal, the former of vdiich is suitably 
mixed with an acid of lower density, or the latter with syrupy acid. 
The mixture is evaporated in a cast-iron pot to expel any sulphuric 
acid which may remain. The charred mass is then introduced into 
fireclay bottles, a number of which, say 24, are ]daced back to back 
in a galley furnace similar to that used in the distillation of zinc by the 
Belgian process. The necks of these bottles are luted to malleable 
iron j^ipes, which dip beneath water in closed troughs. Gases which are 
evolved during the distillation are trapped and led awa\' to be burnt. 
Finally the retorts arc raised to a white heat. The phos])horus vapour 
is completely distilled over in about 16 hours. Tl\e liquid which 
collects under water in the slo]>ing troughs is ladled occasionally into 
boxes made of malleable iron for transport to the refinery. Here the 
crude product, which may be buff to brick-red or nearly black, is 
agitated under water with sulphuric acid and di chromate of ])otash 
or soda. The liquid is afterwards siphoned and filtered through a 
canvas bag, then being remcltcd and run into tin moulds, where it 
solidifies in the form of sticks or wedges. The yield is slightly less 
than 70 per cent., or about two-thirds of the weight of combined 
phosphorus presetit in the charge, the loss being due in ))art to the 
fact that metaphos]}horic acid is volatile above a red heat, and there- 
fore escapes the reduction which is symbolised by ccpiation (8), p. 5. 
Consequently the original procedure of Scheele was modified by the 
addition of only so much sulphuric acid as would form monocalcium 
phosphate, CaH4(P04)2, which, on ignition, yields the metaphospliatc. 
When this metaphosphate is strongly heated it loses two-thirds of its 
phosphoric anhydride, which as it is liberated is reduced b}" the carbon 
as follows : — 


3Ca(P03)2=^Ca3(P04).2+2PoA 
2P2O5 -h IOC =P4 + lOCO 
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yield in this process is diminished by the production of phosphide, 
ddition to carbide, thus — 


Ca3(POJo A 14C == 3CaCo -r 2P -i- SCO 
Ca,3(POj2 -f 8C = Ca.3P2 + SCO i 

; stated that phosphorus can be made in the ordinary blast furnace 
300° C., but it rapidly oxidises to the pentoxide, the production of 
•n of which requires about 4 tons of coke.“ 

(b) Electric Furnace Processes.— The intermediate preparation 
ohosphoric acid and acid phosphates can be avoided by taking 
antage of the fact that the less volatile silica can expel the more 
Ltile phosphoric anliydride, which can be reduced by carbon/^ 
h temperatures are required for these reactions, and these are best 
Lined by electrical heating, although gas-fired furnaces lined with 
Dorundum have also been cmployecl. 

The more acid phosphates of lime melt below 1500° C. — CaO.PoOg 
')70° to 980° and 2Ca0.P205 at 1230° ^ — while tribasic and more 
ic calcium phosphates melt above 1550° C., 3Ca0.P205 at 1670°. 
s last compound combines with silica at about 1150° C. to form 
ipounds such as 3CaO.3SiO2.P2O5 (m.pt. 1760° C.), which are rather 
e easily reduced by carbon than the original phosphate, on account 
he increase in vapour pressure of the P2O5, which also combines 
1 excess of silica to form completely reducible compounds such 
Si02.p205 and 3Si02.P205. The whole process may be summarised 
the equation : 

2Ca3(P04)2 -t-OSiOo -f IOC =6CaSi03 lOCO -i-P, 

The mixture of bone-ash or ground phos])hatc rock, sand and coal 
t or wood charcoal is introduced continuously into a furnace heated 
the electric current, passing between carbon electrodes (sec p. 8). 
i reaction begins at about 1100° C., but a much higher temperature 
cquired to melt the charge and slag of calcium silicate which is 
wn olf continuously, while the ]diosphorus distils at about 1300° C. 
‘ yield is said to be about 92 per cent, of the theoretical. 

The first pro]30sals for the employment of electrical heating in the 
duction of phosphorus were made by Headman, Parker and Robin- 
U The simultaneous production of an alkali silicate by heating 
di phos]:)hatc, silica and carbon in a regenerative furnace was 
ented by Folie-Dcsjardins.^' In the Rcadman-Parkcr-Robinson 
cess, as worked later, the phosphate, carbon and fluxes, previously 
ted to a high temperature, arc introduced into the u])])er part of an 
:tric furnace made of iron lined with refractory bricks and fitted 
li condensing ])ipcs in its u])])er part. The gases pass through a 
es of cop])er condensers, the first of which (rontains hot water, the 
ers cold water (or see ]). 9). It has been found advisable to replace 

Hilbert and brank, ('le/nnan Paleni (1895), 92858. 

Pvovster and Turrentino, Irul. Eng. Cham., 1952, 24 , 225. 

ReadjiKin, J. Sue. Cham. End., 1890, 9 , 16:3, -173; 1891, 10 , 445. 

Rieckman and Houdromont, Zcits.ch. anorg. Chern.. 1921, 120 , 129. 
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the electric arc originally employed by an electrically heated resisterd 
shown in fig. 1. The current is carried by the graphite rod II, which 
is packed into the walls of the furnace wdtii blocks of carbon. The rod 
radiates heat on to a charge C which consists of 100 parts of calcium 
phosphate and 50 parts of sand and carbon. This charge is introduced 
through. D, is melted on the hearth, and the slag ilow's away through E. 
The phosphorus vapour and the gases arc drawn off through the pipe P. 

The product is said to be more free from impurities than that made 
by the reduction of the free acid. The phosphorus vapour, in an 



Frc;. 1. — Electric l.lesistaiicc Purn:vc;c for the Manufacture of Plios])]ioi'\is. 
{I'lUclrir llvdnciioii Coriij/nny.) 


atmos])hcre of carbon monoxide, is condemsed in a slanting tu])e, which 
is connected by a set of vertical tubes witli anotiter slanting tube which 
conducts tlic gas(\s to a (a)nd('nsing tower containing Hat ])latcs wetted 
with a solution of a co[)p(a’ salt or otlicr reagent wliieli will remove the 
last sus])c;ndcd globules of ])]iospjiorus. The issuing gas containing 
carl)on monoxide is burnt, and supplies licuit (‘or t he distillation of the 
crud(^ condensed ])hos})]iorus. Idle sc'cond distillate is condensed in a 
box under water and may be piirilic^d as deseribcal later. 

An (‘Xperinumtal study of tlie rc'actiou in a grapliitci tube rc'sist- 
anct‘ k‘d to Hu* following eonelusions.'*^ The mixture* was still solid at 
IdOO"^. Tlu* ])h()Sj)horus \a)Iatilised rangc'd from (K) to 0t)*8 per cent. 
ol‘ tlia.t. present. \h)lalilisa,ti(jn of pliospliorus from mixtures of tri- 
caleium jiliospliate a,nd carbon begms at 1150^' Ch, and under favourable 

^ Eleetrio Reduction Co., Kntjlisk Patini (.18i)8), d79(). See also ilonipel, ZalL'^ch. 
anQCii\ Cfieni., 1905, i8, 182, 401; iVeuniann, ibid., 1905, i8, 289. 

* Jacob and Reynoicts, Ind. Eng. Chain.., 1928, 20, 1204. 



9 


PHOSPHORUS, GENERAL. 

conditions the reaction is complete in one hour at 1325° C., or in 10 
minutes at 1500° C. Less than 0*2 per cent, of the phosphorus is con- 
verted into phosphide at such temperatures. The reaction, in the 
presence of excess of carbon, is uniinoleciilar between 1250° and 1400° C. 





]"ia. 2 . — Distillation of Oliospliorus. 


Condensation and Rediistillatlon. — Tlie (condensation oi“ tlic ])hos- 
pliorus va])our, mixed as it is with dust and fui’nace oases, ])resents 
special dillieulties. The sketcli (iig. 2) sliows, diaoranimatically only, 
how tliesc have been overcome in tlic patent of Ihllandot et Gat'.' 

The pltosplionis ^'a])onr, escapiuo- from the furnace, ])asscs u]) a 
vertical tii'i)e which can be cleared (jf obstructions from time to time by 
a movable weiopit. It tiicn luisses down an inclined tube D, which 
is connected with anc^tlier tube E ])y a set of vertical tubes T. Both 


Gtrutan Fait id (1929), 106408. 
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the lower and the upper end of D can be closed by valves. The 
phosphorus vapour condenses in droplets at about 50° C. Its flow 
can be further rcoTilated by the introduction of gases from a compressor 
through the holes in the vertical tubes. The semi-fluid mixture is thus 
pushed through the valve h into a mixing chamber, and then into one 
of two distillation retorts H. These are built into the wall and heated 
by carbon monoxide from the escaping gases. The distillate drops 
into a double lead-lined and water-cooled box, which is inclined at an 
angle to the horizontal and furnished with an outflow cock. This 
condenser is not shown in the elevation (hg. 2). 

The gases escape through / and a valve into one of three plate- 
condensiDg towers G, and through a fan A which delivers them where 
required, or through a flue F. The plate towers are supplied with a 
solution of a copper or other metallic salt, which absorbs the last traces 
of phosphorus vapour. 

Purification is effected mainly by the methods already described. 
Crude phosphorus may be melted under dilute solutions of chromic 
acid, nitric acid or chlorine. Arsenic may be removed by distilling in 
a current of steam and carbon dioxide, and condensing under water. 
Phosphorus can be granulated if desired by melting under water and 
shaking until cold. 


Preparation of Red Phosphorus. 

For many of the purposes to which phosphorus is applied the red 
form is equally suitable, and when this is the ease this form is greatly 
to he preferred on account of its non-poison ous and non-inflammable 
character (see p. 28). The conditions of transformation are now 
accurately known (see Chap. III.). 

On the large scale white phosphorus is heated in an iron pot em- 
bedded in a sand-bath which is contained in an external iron vessel 
with double walls, the space between which is filled with an alloy of tin 
and lead. The pot containing the phosphorus is lined with porcelain 
and is provided with a tight cover bearing a bent tube of iron or 
copper which can be closed by a taj). The end of this tube, which 
acts as a safety valve against too high a pressure, dips under 'water or 
mercury. The external metal pot is heated to 220-250°, and not 
above 260° C., for about ten days. Transformation proceeds more 
quickly if the operation is conducted in an autoclave at higher tempera- 
tures. The product, a purplish-red mass, is ground and boiled with 
caustic soda to remove any unchanged white piios})horus, then washed 
and dried at a steam heat. 

Uses of Pirospnours. 

Pyrotechnic Uses. — The quantity of phosphorus consumed in the 
match industry exceeds by far that required for all other purposes. 
The total consumption exceeds 1000 tons per annun'i, the greater part 
of which is worked up for matches, hundreds of millions of which are 
made per annum in factories in all parts of the wa^rld. The phosphorus 
is now’ applied in the red or scarlet form or as one of the sulphides {qx . ). 
The materials used in friction matches have varied greatly at different 
periods. 
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and were manufactured from 1812. They eontained no phos 
but consisted of sticks of wood tipped with melted sulphur ai 
coated with a mixture of sugar and chlorate of potash. Th( 
ignited by dipping in a bottle containing asbestos moistened w; 
centrated sulphuric acid. Similar applications of phosphori 
been described. Phosphoric tapers were made of wax coatc 
phosphorus, and were enclosed in sealed glass tubes. Thej 
warmed and then ojDcned, when the phosphorus burst into flam 

Prietion matches, invented in England in 1827, were tipped 
mixture of antimony tri sulphide, potassium chlorate and gu 
ignited by rubbing on sand-paper. The recognition of the j 
]:>roperties of phosphorus as an ingredient of these miniature ex 
dates from about 1833, when wooden matches, the heads o: 
eontained phosphorus, appeared simultaneously in several co 
Attcm])ts to prepare matches from yellow phosphorus had bee 
from about 1816 by Derosne and others, but it was only later dis 
that the Jieads must be coated first with another combustible i 
such as sulphur to transmit the flame of the phosphorus-^ 
mixture. The first matches were both explosive and dai 
Chlorate was later replaced by lead peroxide, then by red Ic 
manganese dioxide in 1837.^ The first safety matches, prep; 
Edttgcr in 1848,^ were tipped with gum, sulphur and chloi 
chromates, and a similar process was patented by May in 1865. 
about 1855 great quantities of safety matches were made in ! 
These were struck by rubbing on a surface containing red pho 
worked up with gum and antimony sulphide. The red phosp' 
often replaced by scarlet phosphorus - or the sulphide. ' 
gredients arc worked up with glue and powdered glass or em 
media, nically painted on the sides of the boxes. The match st 
well soaked in paralfin wax or sulphur, and the ends then di 
a, warm mixture of chlorate, dichromate, red lead and ai 
sulphide. 

R.cc:ipcs for matches have been the subject of numerous 
Tiic following is an example of the complexity of the mixtures : 

Potassium chlorate 450 parts, potassium dichromate IK 
glass ])owdcr 75 })arts, sulphur 60 parts, iron oxide 25 parts, ix 
])hoi*us 7 8 parts, tragacanth 30 jiarts, gum arabic 110 pcxrts. 

Tlic'. licads of lucifer matches, which will ignite on any rough 
contain ]i]iosphorus in addition to the ingredients of the heads c 
matclu's. Accounts of tlic history and manufacture of rnatcl 
h(^ olitaincd from the following sources : — 

‘bin AccouJit of the Invention of Friction Matches f John 
Stockl,on-on-Tces, 1009; '' Tiie True History of the Inventio 

Imcifer Match f John Walker, Heavisides, Stockton-on-Tees 
s(X‘ also Clayton, Chern. Xezes, 1911, 104, 223; ‘'‘' The hMatch In 
Dixon, T.oiidon, 1925 : Guide to Bryant and M.afs M 

Sinipkin and ^Marshall, London; see also Gore, Cheni. JSeivs, 
16, 31, etc. 

Allied to the match industry is the use of phosphorus ah 
sl-ituc‘nt of fireworks, thus : — 


1 Euttger, An/i.ah'ii, 1843, 47 , 337. 

- Mair and Eell, United States Patent (1903), 724411. 
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White Fire. — Potassium nitrate 100 ]:>arts, amorphous phosphorus 
10 parts. 

Blue Potassium nitrate 500 ]unU.s, barium carbojurte 000 

parts, aluminium powder 200 ])arts, amorphous pliosphoriis 5 ]:)ar{:s. 

Red Fire. — Strontium nitrate 500 parts, strontium carbonate 300 
parts, aluminium powder 200 parts, a]nor])hous phosphorus 5 parts. 

Firework and match ^naterials are ail 'potentially explosive, and 
should be mixed witli care and in small quantities only. 

Alloys.— Phosphorus as a constituent of b'ronzes is chiel'y valued 
for its deoxidising effect, which confers a great toughn.css on the metal. 
The principal alloys are those containiiig copper, tin, zinc, nicke], lead 
and antimony. Idre phosphorus is u^suariy added in the form of 
phosphor-tin. Phosphor-coppers may be made by heating cop]3er 
phosphate or copper turnings and ]dios].)horus in crucibles at 600-800°. ^ 
Phosphor-bronze may contain Cu 89, Sn 11 and P 0-3 'per cent.-^ The 
phosphorus should not exceed 0*6 per cent. 

Miscellaneous Uses. — Calcium phos]:)hide is used in marine signal 
lights, which are so constructed that they evolve S])()ntancously in- 
llammable phosphine when thrown into water. 

Phosphides have been used to give a conducting surface to plaster 
moulds for electroplating. The mould is di])ped in a solutio.n of 
copper sulphate, then, after drying, in a solution containing caustic 
potash and phosphorus from which ])hosT)]une is being evolved. 
Copper phosphide is precipitated on or below the surface of the i^jlaster."^ 
In silver plating a slightly diifcreiit ])roccdure is employed. The 
plaster mould is first covered with wax, then dipped in a solution 
of phosphorus in four times its weight of earboii disulplhdc. It is 
then exposed to the air until fuming })cgins, wl'icreinpon it is dipped 
in a solution of silv'cr nitrate containing about 100 grams of silver to 
the litre. 

In the manufacture of tungsten lamps tlie tungstic oxide may be 
reduced by licating with yellow or red ])]ios])horus in an almos])]icrc of 
hydrogen. The tungsten ];)Owdcr containing pliospludc wiilcli I’csults 
is suitable for drawing into the lilameiibs. 

Physiological Action.— Phosphorus in oil or emiuisificd in hit and 
chalk has been used in medicine, but a])})ears to Iiave no paidiciilar 
value. Howevei’, a prepai-ation made hy ex[)osing liiK'ly divided iron 
to the vapours of smoiddering j)lioSj)horus is useful as an cq)plication 
to wounds caused by corrosive concern trated carbolic acid. 

The small doses of phos])horus which have ocaaisioiiahy \)cc.n ])rc- 
scribed have the cfiect of tlhckcning the spoiggy tissue of bone by the 
deposition of true l)oue. Another effect is to stimnln.ee mcla.holism, 
leading to increased secretion of nitrogen as ammonium salts of lactic* 
and kelonic acids, which result from the incomplete: oxidation of fais 
and glycogen. Some of the unoxidised fat is dcjiositcci m lIic liver 
a.nd musc'lcs and leads to degeneration of rliese. 

When taken internally in cpuantities from If grains njiwards, white 
phos})]ioj’us is an acute poison, produc*ing at lirst synijitoms of nausea 
and pain, which subside for a while, and are then succeeded by jaundice 

^ 'Weekhorse, J. Aincr. Cktvi. >S'or.., 181)7, 19 , oiVA. 

“ IJoyn and .Bauer, ZaiLsck. anorg. Chain. , 11107, 52 , 129. 

^ Phi J ip. Brass World, 1910, 6, 77. 

^ Osann. J. maid. Cham,.. 1 k'sf. 
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and finally coma.^’ ^ This action is due to the fact that phosphorus 
prevents the complete oxidation of glycogen and fat. In cases of 
violent internal poisoning the stomach-])ump is used, followed 
copper sulphate in amounts suiTicient to cause vomiting, then oil of 
turpentine. Black coffee is also recommended, and also the application 
of mustard plasters. 

The poisonous action of the vapour of phosphorus, or that of its 
lower oxide, is probably due to attack on exposed bone, e.g. in decayed 
teeth. It produces necrosis, which spreads inwards and gives rise to 
the disease knovvm as “ phossy jaw,’’ which has been found among 
workers in factories where phosphorus was made or used. Apart from 
the effect on bones, the vapour does not appear to be poisonous in 
small amounts. 

Hypophosphites and phosphates, e.g. calcium hypophosphite and 
glycerophosphate, are used in considerable quantities as “ patent 
medicines ” and in medicine generally as accessor}^ foods. Acid 
phosphates are used extensively in baking powders and various manu- 
factured foods. The phosphorus requirements of the animal body are 
stated on p. 4, and also the su]:)ply of the element in certain vege- 
table products, while the probable role of phosphates in some biological 
processes is indicated on p. 169. From their intimate connection with 
life it will be gathered that by far tlie most important use of phos- 
phorus conijDOunds is in the manufacture of fertilisers (see Chap. XV.). 

^ Tardieii, Klucle mklico-Ugale el di./nquc ,sur [''eiiipoisouiLCmc'iLt,'' Paris, 1875. 

- Wohlgemuth, Zeitsch. -physwl. Ckem., 1905, 44 , 74, 428. 



CHAPTER II. 


PHOSPHORUS, THE ELEMENT. 

Solid Phosphorus. 

Phosphorus exhibits allotropy, and formerly was thought to exist in 
two forms, yellow and red. In addition, several other varieties, 
scarlet, violet, metallic and black phosphorus, were discovered later, 
some ot which are perhaps not to be regarded as true allotropcs. 
Their properties will be considered partly in the present chapter, and 
partly in Chapter III. 

General. — White or yellow phosphorus is a colourless or pale yellow, 
translucent, lustrous solid of waxy appearance, soft at ordinary tem- 
peratures and brittle when cold {e.g, at 0"^ C.). It melts at about 
44° C., giving a transparent liquid which can be siq^crcooled many 
degrees below the melting-point without solidifying. The liquid 
catches lire in the air at about 60° C. and boils at about 280° C. in an 
indifferent atmosphere, giving a vapour which contains complex 
molecules (P4). On long heating at temperatures slightly below its 
boiling-point it is transformed into red phosphorus. White phos- 
phorus is almost insoluble in water, but is volatile with steam, to which 
it imparts a luminosity ; this serves as a delicate test for the element. 
It is soluble in carbon disulphide and in most organic solvents. 

It is one of the most easily oxidised of the non-metals, having a low 
ignition-point and burning in the air with great evolution of heat and the 
production of the pentoxide and some red phos})horus. It also com- 
bines vigorously with the halogens, and gives a more complete series 
of halides than any other non-metallic element. 

The Melting and Freezing of White Phosphorus. — Pure white 
phosphorus when slowly heated melts very shar])ly at 4 l -()° C. Under 
these conditions it behaves as a “ unary ” substance, i.e. one whose 
molecules are all the same, physically as well as chemicadly. But, in 
the account of the traTisformations which is given later, the theoiy is 
put forward that the liquid contains at least two kinds of molecules, 
which may be called Pa and Ppt There will be a dehnite concentration 
of each in equilibrium at any one temperature, and if the temperature 
is lowered slowhq these relative concentrations will alter down to the 
melting-point, 44-0° C., at which the solid is in cquili’orium with a 
particular mixture of Pa and Ppt The solid is not necessarily in 
equilibrium at this melting-jioint with those proj)OJ‘tions of Pa and 
P^ which are found at a higher tem})erature. The expected altera- 
tion in the freezing-point was realised experimentally by cooling phos- 

* Xote . — The terms as generally used are almost synonymous. We have preferred 
‘'white'’ in this volume, as the most carefully purified clement is very pale in colour. 
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phorus very rapidly from 100° C. to temperatures just below or just 
above 44-0° in a capillary tube, then inoculating with solid phosphorus. 
Temperatures were read on a resistance thermometer which had a 
negligible heat capacity and lag, and hence took up the temperature of 
its surroundings practically instantaneously. After a slight fall, the 
temperature rose to 44*1, 44*25 and even above 45*0°, an extreme range 
of 1*8° being observed. The pseudo-binary character of the pure 
white form was thus revealed. 

The degree of supercooling to which liquid jDhosphorus can be sub- 
jected without solidification also depends on its previous history. If 
the cooling be slow, pure liquid phosphorus may be kept for days at 
18° C. If the liquid be heated to 100° C. and suddenly cooled to ordinar}^ 
temperatures it crystallises spontaneously in a few seconds without 
inoculation. ’ ’ ^ 

As the fusion of phosphorus is accompanied by an increase of volume 
(see p. 16), the melting-point is raised by increase of pressure. The 
ex|)erimental results are expressed by the formula 

tr,, = 43*93 -r 0*0275^ - 0*0g50p"- 

in which the pressure p is expressed in kilograms per square centimetre.^ 

Specific Heats. — The mean specific heat of solid white phosphorus 
has been determined by several investigators Avith moderately con- 
cordant results : — 


Temperature Interval 6^ C.). ' Speciiic Heat. Investigator. 


(1) 

- 78° to 

-810° 

i 0*1 70-0*174 

Kegnault.*'^ 

(2) 

+ 7° „ 

-8 30° 

! 0*185 

j j 

(3) 

d- 13° „ 

-836° 

0*202 

Kopp.^ 

(4) 

- 21° „ 

_8 r^O 

0*1788 

Person." 

(5) 

-188° 

+ 20° 

0*169 

Richards and 
Jackson.^ 


The atomic heats arc therefore 5*33, 5*74 and 6*26 over the three ranges 
of temperature (1), (2), (3). There is a slight deviation from Dulong 
and Petit's law ^ at the lower temperatures, in tlic same sense as that 
met with in the case of the elements carbon, boron and silicon. But 
although phosphorus has a relati\'cly low atomic weight, it also has a 
low melting-])oint, and the atomic heat as usual assumes the normal 
value at temperatures near the inclting-point. 

Latent Heat of Fusion. — The latent heat of solidilic'ation at the 
melting-point, +44*2° C., is 5'()3i calorics per gram or 0*16 Calorics 

^ STuits, ZeiUdh. 'phy-siJ:(d. Chtm., 1911, y6, 421. 

“ Smits, lb !.(/., 1911, 77 , .‘197. 

8 mits and Locmw, J^roc. K. Akctd. W A nislAvrdfiiH; 1911, 13,822. See also 
Cohen and Olie, Zeibscdi. p}nj-'</L'al. Che./n , 1910, 71 , 1 . 

Tammann, '' Kn/dalhsieran tind A chuiAlzr. //■,'' Leipzig, 1909. 

Rcgriault, Ann. Chun. Phys., 1849, jdj, 26 , 2SG; IS.Id, [.‘I], 38 , 129. 

'' Kopp, A niialen Sirjypl., 186“), 3 , 290. 

‘ Person, Av/n. Churi. Phyy., 1847, [.‘IJ, 21 , 295. 

s Richards and Jackson, Ztitsch. phy.Alkfd. Cham., 1910, 44o. 

^ See Vol. I., this Series, or ‘‘ Text-book of Physical ChehiisLry,'' Vol. 1 ., J. Newton Friend 

( (4ri ffi n i . 
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per gram-atom ^ — a very low value, which may be comj^ared with 
that'^of sulphur, uamely, 0-30 Calories per gram-atom. The latent 
heat, as usual, diminishes with rail of temperature. The following 
values were obtained on allowing the su])ereooled liquid to crystallise : — 


f C. . . : 27-35 : 29-73 40-05 

/ . . . 4-744 4-744 4-070 calories per grain.^ 


The latent heat increases at the higher melting-points which are obtained 
at higher pressures ; thus at i =50-08° C. and p—220 kg./sq. cm. I was 
4-94, while at 69-98° C. and 959 kg. it was 5-28.-^ At still higher pres- 
sures the increase in I continues, as is shown by the following results, 
which refer to white phosphorus : — 


. . 1 

1 

2000 

4000 

6000 

6000 

t . . i 

i 44-2 

99-3 

148-2 

191-9 

-2-4 

1 . 

\ 

! 2-09 

2-41 

2-63 

2-78 

18-61 1 


Pressure and temperature arc expressed in the units given above, and 
latent heats in kilogram-metres per gram. The last value refers to 
black phosphorus.’^ 

If the latent heat of fusion is taken as 5-0 calories absorbed per 
gram of phosphorus at the melting-point (Tra = 317-5° C. (abs.)), the 
high value of 40-4 is obtained as the cryoscopic constant for 1 mol of 
a solute in 1000 grams of phosphorus. The experimental value obtained 
by dissolving naphthaJene in phosphorus was 33-2.^ 

Density. — The density of solid wliitc phosphorus is nearly twdcc as 
great as that of water. The following table is compiled from the results 
of different investigators : — 

THE DENSITIES OF SOLID WHITE PPIOSPHORUS AND 
OF LIQUID PHOSPHORUS AT THE MELTING-POINT. 


1 C. 0 18 20 , 40 

j ; 

44 1 

44 

; D ^ 1-8368 “ 1-828 ® . 1-8-232 « ^ 1-80C8 « 
1-82 ^ : 

1-805 » 

1-745 (lictuid) 
1-748 (liquid) ^ 


Hence the coelticient of expansion of solid phosphoi'us at ordinary 
temperatures is 0-0037 c.c. per degree Centigrade. The solid expands 
^ Person, loc. cd. 

" Patterson, J.jprald. Chtui., 1881, [ 2 ], 24 , 129, 293. 

“ Tamniann, Kryst. iiitd Schntelz./' Leipzig-, 1903. 

Vo'C. — The factor for conversion into calories is 0-426S. 

^ Pridgman, Phys. Rtvitv:, 1914, [27 3 , ir)3. 

^ Schenek and Buck, Btr., 1904, 37 , 915. 

° Pisati and de Pranchis, Ber., 1S75, 8 , 70. 

” Jolibois, These, Paris, 1920. 

^ Boesekeu, Rec. Trav. chim., 1907, 26 , 289. 

^ Hess, Physikal. Zeitsch., 1905, 6 , 1862. 
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by about 3 per cent, on fusion ; the ratio of the density of the solid to 
that of the liquid at this temperature is 1-035 ^ or 1-0345 ^ to 1. 

Compressibility. — The coefficient of com 2 :)ressibility is defined as 
the fractional change of volume produced by a change of pressure 
amounting to 1 mcgabar (10® dynes per square centimetre). The 
range of pressure investigated 'was 100 to 500 megabars, and the com- 
pressibilities at room temperatures were 20-3 for white phosphorus 
and 9-2 for the red or violet variety.^ Thus, as usual, a high compressi- 
bility was found for an element oF high atomic volume, and the more 
condensed form had the lower compressibility. 

Crystalline Form. — It was shown by the earlier investigators 
that phosphorus ciwestalliscd from the liquid state in octahedra and 
dodecahedra, from carbon disulphide in octahedra, and that, when 
prepared by sublimation, the crystals had about 200 distinct faces. ^ 
Well-shaped crystals of white phosphorus may be obtained by solidi- 
fication of the liquid, by slow sublimation, or by evaporation of solutions 
in organic solvents. They belong to the regular system, and have a 
columnar shape if obtained from one set of solvents, e.g. carbon disul- 
phide, benzene, alcohol, ether, petroleum, while they have shapes 
derived from the cube and dodecahedron if obtained from turpentine, 
oil of almonds, etc.^ By slow sublimation various forms of the regular 
system are obtained whi(*h may have every possible number of faces 
(except 48) up to 200.® According to Bridgman ^ white ]fiiosphorus 
crystallises both in tlic regular and in the hexagonal system, the transi- 
tion temperature being raised by increase of ])rcssurc. Thus under 
12,000 atmospheres the coiu'ersion occ.urs at -r64-4^ C., under atmo- 
spheric pressure at -TC-9°, and under the ]n'essurc oF its own vapour 
at -80°, which therefore appears to be the transition point between 
this /5-forni and the ordinary or a-Foinn oF white ])hosphorns. The 
/3-Form, stable under high })rcssurcs, is produced with a volume con- 
traction of about 2 per cent. The density is 2-099.® 

Refractivity. — ^As is to be expected from the brilliant gem-like 
appearance of the crystals and drops oF liquid white phosphorus, the 
refracti^^e index is high. At tlic ordinary temperature the refractive 
index for the D line (A = 589-0 to 589-0 my) was found to ])e 2-144 
or 2-14.^® The differences between the refractive indices of the solid 
and the liquid arc shown in the tabic overleaf. 

Electrical Conductivity. — Phosphorus is an electric'al insulator. 
The conductivity of the solid clement was found to be of the order of 
10“’’^^ mhos ])cr centimetre cu])c and that of the liquid 10 '® mhos per 
centimetre cul)e.^^ Black phos]:)horus, which must be considered the 

^ Hess, Fhy,sikal. Zaitsch., IDOo, 6 , - Leduc, Co'urpL rend., 1891, 113 , eiO. 

lUchards, ys'/e/.-Z/’oe/ze///.., J907, 13 , dll); J. Anu-.r. Cfmn). Soc., 1915, 37 , 1649. 

Sec PariunaT, 'kHandhuch dtr anonjan tschcn Chnni.r.A vol. li., pi. i. 

^ Pvctgcrs, Zc'llsch. ttiiorg. Okf.rii , 1894, 5 , 218. Soc also Bokorny, Chcvi. Zeit., 189C, 
20 , 1022 ; Christomanos, ZciL^ck. anorg. Chc.ni., 1905, 45 , 132. 

Ketgors, loc. cit. 

" Bridgman, J . Ainor. Chem. Soc., 1914, 36 , 1344. 

^ Bridgman, J. A')n(-r. Ohtrn. Soc., 1914, 36 , 1344; ibid., 1916, 38 , 609. 
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REFRACTIVE INDICES OF SOLID AND LIQUID 
PHOSPHORUS.! 



Temp. 

"C. 

■ 

Line and 7. in m//.. 

State. i 

1 

! 

^ i 

589-0-589-6. 

Ha 

656-3. 

H/3 

486-15. 

H-/ 

484-07. 

Solid 

25-0 

2-14 1 




? ? 

37*5 


2-08873 ' 

2-153S8 ; 

2-194.6 

Liquid 

37*5 


2-05370 

2-11675 ' 

2-1 5634 


44-0 


2-05010 

2-11311 

2-15274 ‘ 

1 


most metallic form of the element, is a relatively good conductor, the 
specific resistance being slightly less than 1 ohm per centimetre eubc 
but diminishing with rise of temperature. “ 

The dielectric constant of solid white phosphorus was found to 
be 4T at 20° C., and that of liquid phosphorus :3'85 at 45°.’^ The 
electrochemical potential is said to lie between those of arsenic 
and tellurium.^ Phosphorus is diamagnetic.^ The magnetic sus- 
ceptibility of the solid white element is about 0*9 x mass units, 
that of the red variety rather less.^ 

Ionisation Potential, Va. — This may be defined as the smallest 
difference of potential through which an electron must fall in an 
electric field in order that its kinetic energy, mi;- 2, =6^ Fa {c is the 
electronic charge), may be sufficient to raise an atom after collision 
from state (1) with energy to another possible quantum state (2) 
with energy Eo. In changing back from quantum state ( 2 ) to ( 1 ) the 
atom will emit radiation of a frequency y\ given by : 

eV\ = hv (/i= Planck’s constant; i^=Avavc number in waves per cm.) 
The wavelength Aa of this radiation is calculated from : 

A A =cIp {c is the velocity of light) 

In the case of phosphorus, Fa =5-80 ia; 0T and A y =2130 A.” 

The ionisation potential has also been determined by the method 
of electronic collisions. Free electrons, from a heated platinum wire, 
are introduced itito the vapour of an element under low pressure. Hy 
the application of increasing potentials increasing kinetic energies are 
imparted to the electrons. After a certain threshold value has been 
passed, the electrons strike the atoms in inelastic collisions, and mono- 
chromatic radiation is emitted by the atoms. When this method was 

^ Damien, loc.cU. 

“ Bridgman, Froc. Arner. Acad., 1921, 56, 126; Linck and June, Zu.t^vh. anorg. Cham., 
1925, 147, 28S. 

^ Schlundt, J. Physical Ghern., 1904, 8, 122. 

Schenck, Per., 1903, 36, 995. ^ Faraday, Phil. Trans., 1846, 136, 41. 

® Quincke, tad. Annaltii, 1SS5, 24, 347; P. Curie, Conrpt. rend., 1892, 115, 1292; 
Pascal, Ann. Chim. Phy.s., 1910, [8], 19, 0; Honda, Ann. Physih, 1910, [4], 32, 1027; 
Meyer, ibid., 1900, [4], i, 664. 

' Foote and Moliler, Fhys. Beview, 1920, [2], 15, 555. 
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applied to phosphorus vajDour the value of the potential E was found 
to be 10-3 volts U 

Solubility.— White phosphorus is almost insoluble in water. It 
dissolves easily in liquid ammonia, sulphur dioxide and cyanogen, also 
in such compounds as phosphorus trichloride which mix witli typical 
organic solvents. It is moderately soluble in fatty oils, also in hydro- 
earbons, alcohols, ethers, halogenated hydrocarbons such as chloroform 
and especially methylene iodide. One of the best solvents for phos- 
phorus, as for sulphur, is carbon disulphide, which seems to dissolve 
it in all proportions at ordinary temperatures ; a solution has even 


SOLUBILITY OF WHITE PHOSPHORUS IN AQUEOUS 
SOLVENTS AND OILS. 


Solvent. 

Water. 2 

i Acetic 
' Acid," 

96 per cent. 

Paraffin." 

Oleic 

Acid." 

Almond 

Oil.2 

Grams Phosphorus in 100 
grains Solution 

0-0003 

0-105 

1-45 

1-06 

1-25 

Solvent. 

Alcohol 

(absolute). 

Glycerol ' 
(den sit V ! 
l-256).'‘ 1 




Grams Phosphorus in 100 
grams Solvent 

0-208 

0-25 







SOLUBILITY 

IN 

BENZENE.^ 



f C. 

: 1 i ^ 

0 i 5 , 8 , 

10 

15 IS 20 23 

25 


S 0 1 u b i li ty in g ra m s 
per 100 grams 
Solvent . - J 

i 

1-513 : 

1-99 2-31 

2-4 

2-7 3-1 

3-2 3 

•4 3-7 

Density of Solu- 
tion 

! 

1 

0-899 ' 

0-8985 

0 894 0-8 

;!)2 0-890 ; 0 

8S75 0-SS6I 


P C. 30 

35 10 45 

! 

50 i 
1 

55 

60 

65 i 70 ' 75 

81 

Solubility in grams 
per 100 grams 

Solvent . . 4-60 

5-17 5-75 6-lL 

6-80 

7-32 

7-90 

! 

1 

8-40 8-90 ; 9-40 

10 03 


^ CompLon and Mohlcr, JonidKvni/Uf.'^ uiid A hrpjjung.'^sjKyuhuiirjcri,''' ubcrset.zt A’on 
R, Suhrmann, Berlin, ] 92."). See also Mohlcn’ and Poole, " and licsojuince 

Polenliald of y.omo ds on-melaUic JdlcjnenL^f' Washington, 1920. 

- Slicli, Fha/nti. Zeit., 1903, 48, 343; see Chern. ZcJitr., 1903, 1291. 

3 Schacht, Phann. J., 1880, [3], ii, 464. 

Ossendowsky, J. Pharm. CJiim., 1907, [6], 26, 162. 

“ Clirislomanos, Zeitsch. anorg. Che7ii., 1905, 45, 136. 
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SOLUBILITY IN ETHER.i 


e c. 

0 

5 

1 

8 ' 10 

^ ^ ^ — 1 

15 ' 18 i 20 j 23 25 : 

Grams Phosphorus 
in 100 grams 
Solution 

Density of Solution 

0-434 

0-62 

0-70 0-S5 

0-720 

0-00 1-01 ’ 1-04 M2 1-39 

0-723 0-719 0-718 0-722 0-728 

f G. 


i 

28 

so 1 3S ! SS 

Grams Phosphorus 
grams Solution . 

1 

in 100 , 

. . i 

1-60 

1-75 1-SO ' 2-00 


SOLUBILITY IN CARBON DISULPPIIDE.^ 


p 

1 

0 

-7-5 

^ - 5-0 - 3-5 ! 

1 ! 

-3-2 ■ -2-5 ! 0-0 ■ -i-5-0 : -;-]0-0 

Grams Pliosphorus 

in 100 grams ! 

Solution . . , 31-40 ' 

i ^ i 

35-85 

[ 

1 i 

' 41-95 ' 00-14 

71-72 75-0 1 81-27 | 86-3 

1 ! 

! 89-8 


been prepared containing 20 parts of pliosphorus in 1 p?\vt of carbon 
disulphide. These solutions are dangerous ; the volatile and endo- 
thermic disulphide forms an explosive mixture witli air at ordinary 
temperatures, and the finely divided phosphorus vdiicU is left on 
evaporation ignites spontaneously. This is illustrated in the well- 
known lecture experiment in which the solution is allowed to evaporate 
on hlter-paper. 

Li qut n Phos ni o ni :s . 

Yhilues of the densities and specific volumes up to the boiling- 
point have been determined and arc as follows : — - 


DENSITIES AND SPECIFIC VOLUMES OF LIQUID 
PHOSPPIORUS.^ 


1 

c. . . i 

30 

1 

40 56*5 

100 

200 280 

290 i 

j Density . 

1-7684 

1-7-1.924 1-744-J-: 

1-6949 

1-6027, 1-52867 

: 1-4850; 

1 Specific Volume 

0*5654 

0-5719 0-5733 

0-5899 

0-6238 0-6544 

0 -67331 


^ Christomanos, Zedsch. (niorg. Che.in., 1005, 45 , 136. 

- Cohen and Inouye, Zeilsch. pJnjsiJcal. Chem., 1010, 72 , 41S; Cohen and Tnonve, 
Chem. WeeJcblad, 1910, 7 , 277. Cf. Giraii, J. Physique, 1903, [ 4 ], 2 , 807. 

^ Pisati and dc Franchis, Ber., 1880, 13 , 2147. 
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Hence the expansion of the liquid is expressed by the formula 

ut - c'5o[l + 0-0.y^l67{t ~ 50) + 0-06370(j^ - oO)^] 

In another investigation, on 0-7669 gram of phosphorus con- 
tained in an evacuated glass dilatometer, the increase of volume 
between 50° and 235° C. was found to be expressed by : ^ 

= 0-5733[l -T0'0.^505{t - 50) -rO’O^llSit ~ 50y] 

The agreement between tlie two expressions is good at the lower 
temperatures, and the differences at higher temperatures are about 
the same value as the coefficient of expansion of glass. Thus at 200° C. 
the second equation gives the specific volume as 0-6180 c.c. per gram. 
Without the correction for expansion of glass the apparent specific 
volume becomes 0-621 c.c. 

The specific volume at the boiling-point, determined by the method 
of Ramsay, “ was 0-6744 c.c. The corresponding atomic volume^ is 
20-9—0-4. This constant thus lies between 20 and 21,* with a tendency 
to diminish on keeping the phosphorus at this boiling temperature, 
owing to the formation of the denser Fp molecules, which are shown 
by the cherry-red colour of the liquid. 

Vapour Pressures. — The vapour pressures of liquid phosjDhorus 
are tabulated overpage in three sections, namely — 

{a) Commencing below the triple point, which is practically the same 
as the melting-])oint, and up to about 150° C."’ ^ 

(b) From about 150° C. to nearly 360° C. Over this range three 

sets of measurements are available.^- " 

(c) From about 500° C. to the melting-point of violet phosphorus 

the pressures of the metastable or supercooled liquid are 
known, ^ and the pressure curve of liquid violet phosphorus 
has been followed up to over 600° 

These results have been expressed by various interpolation formukc. 
That originally proposed by Srnits and Bokhorst was 

log p (mm.) = -3-59 log T -f 19-2189 

This was found to give pressures lower than those experimentally de- 
termined between 44° and 150° C. by iMacRae and Voorhis, who have 
altered the constants to fit this range also, as follows ; — 

2898 

log p (mm.)= 1-2566 log T -r 11-5694 

These fornmUn express the pressures of the liquid from 44° C. to 634° C. 

^ trideaux, TrciiLS. Chtra. Xoc., .11)06, 91 , 17.13. 

- Rainriay and Masson, Trans. Chtni. Xoc., 1881, 39 , 50, 

The probability of maximum positive error is low. 

^ Centnerszwer, ZeUscli. 2 ^hysLkaL Che))!., 1913, 85 , 99. 

Duncan, MacKae and van VMorhis, J. Artier. Ohttn. Soc., 1921, 43 , 547. 

^ Jolibois, Com.pt. reMci., 1909, 149 , 287; 1910, 151 , 382. 

^ Preuncr and Brockmoller, Zeitsck. physilcal. Clieni.^ 1912-3, 81 , 129. 

” Smits and Bokliorsl, Zeitsch. physihal. Chetn., 1914, 88 , 608 ; 1916, 91 , 249. 
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TPIE VAPOUR PRESSURES OF LIQUID PHOSPHORUS. 
{a) Liquid White Phosphorus. 


f c. . 

: 20 

BO 

40 

44-1 69-92 

100-11 : 

119-85 

150-0 

p (mm.) 

1 0-025;3 

' 0-0724 ' 

0-122ii 

0-1732 0-823 

1 

1 

3-66 

! 

8-60 ' 

i 

27-202 


{h) Liquid White Phosphorus. 

(From about 150"^ to above the boiling-point (.Tolibois).) 
Jolibois.^ 


fC. .1 145 
p (atm.) jo-017 

173 

0-064 

[ 

184 ’ 192 
0-093 0-124 

200 205 : 219 235 239 

0-157 0-178 '0-253 ;0-366 0-418 

244 

0-464 

f C. . 247 
p (atm.) 0-499 

250 254 . 257 : 259 262 268 273 275 

0-543 ‘0-591 .0-033 0-675 0-705 0-797 0-850 0-925 

279 

0-990 

fC. . 281 ■ 283 285 

p (atm.) 1-034 1-071 1-122 

295 ' 299 ; 307 ^ 312 i . . 

1-329 1-437 1-6.50 1-817 i . . 

_ : ; ! i 



Preuncr and Brockmollcr.*^ 


f c. : 130 

pi (atm.) 0-0145 

140 

0-0197 

1.50 

0-0263 

160 

0-0355 

165 170 ' ISO ' 190 : 200 

0-0421 0-0486 0-0684 0-1 00 0-143 

r C. . 

p) (atm.) 

209 

0-245 

o 

o 

230 230 270 : 290 ... . 

0-382 '0-561 0-770 1-030 ! .. 1 .. 


Smits and Bokhorst.^ 


t° c. 

p) (atm.) . 

169-0 

0-04 

181-3 

0-07 

185-3 

0-09 

206-9 

0-18 

210-0 

0-20 

229-8 

0-32 

2.37-9 

0-42 

e c. 

p) (atm.) . 

252-0 

0-54 

261-4 

0-69 

265-5 

0-74 

1 

280-5 

1-00 

298-6 
i 1-38 

331-8 

2-47 

332-9 

2-61 

f C. 

p (atm.) . 

L 

342-0 
2-95 1 

355-7 

1 3-SS 

t i !! i d d 

1 i 


1 Centnerszwer, loc. cd. MacRae and van Voorhis, loc. cit. 

^ Jolibojs, Com'pt. rend.y 1909, 149 , 287 ; 1910, 151 , 382. 

Preuner and Rrockmoller, Zeitscli. phojsikah Chern., 1912-3, 81 , 129. 

^ Smits and Bokhorst, Zeitsch. physilcaL Chem., 3914, 88 , 608 ; 249. 
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(c) Liquid Violet Phosphorus^ ^ 


''fC. 

504 

550 

581 '589-5 ' 59.3 

608 

634 

695*; 

i f) (atm.) . 

23-2 

1 38-0 ^ 

41-1 I 43-1 ■ 44-2 

■ 49-0 

58-6 

82-2 *; 

1 i 


The latent heat of vaporisation of liquid yellow phosphorus at its 
boiling-point has been given as 4 Cals.- or 3-89 Cals.^ This subject is 
further developed on p. 36, under “ Violet Phosphorus.” 

Surface Tension.— The values of the surface tension o* and density 
D at two temperatures were determined with the object of calculating 
the molar surface encrg}^ g{MID)^, and its change with temperature.^ 
Then, by comparison with the normal temperature coefficient, the 
molar weight in the liquid state can be deduced.^ 


f c. 

D. 

cr. 

o'(M/H)7 

A(Molar surface energy);Ad 

78-3 

132-1 

1-714 

1-664 

43-09 

35-56 

748-2 

629-6 

2-205 


The molar weight M used in this calculation eorrcsjmnded to a molecule 
P 4 , and since the temperature coefficient calculated on this assumption 
is normal, the molar weight in the liquid state is thus Found to be the 
same as in the gaseous state. The molar weight in the dissolved state 
at the boiling-point of carbon disulphide,^ and at the freezing-point of 
benzene, also corresponds very closely to P^.” 

PiTospiiORUS Vapour. 

The Densities of Phosphorus Vapour. — That phosphorus, in 
common with other non-metals, forms complex molecules in the 
gaseous state v^as established early in the nineteenth century by deter- 
minations of vapour density. At a temperature of 500° C. the relative 
density (air=-l) is 4-35 ; ® at higher temperatures it falls, being 3-632 
at 1484° C. and 3-226 at 1677° C.*’ The molecule P^ requires a density 
of 4-294. The molecular complexity thus revealed is confirmed by the 
low value of the ratio of the specific heats, namely, 1-175 at 300° 

^ Smits and Bokhorst, ZaiUcli. physUcal. Che/n., 1916, 91, 248 

* Note. — Critical temperature and pressure. 

- de Foi'ci’and, Corn'pt. rr./uL, .1901, 132, 878. 

^ Giran, Compl. rend., 1903, 136, 550, 677; Giran, liecherckts sur le phosphere at les 
acldas phosphonque.s,''' Baris, 1903. 

' Aston and Bam say, Trans. Chevi. Soc., 1894, 65, 173. 

^ See "A Text-book of Physical CheniistryP Vol. 1,, J. Newton Friend (Griffin), 1933. 

^ Beckmann, Ztdsch. phystkal. Cham., 1890, 5, 76. 

" Hertz, Ztilsch. physihil. Chem., 1890, 6, 358. 

® Deville and Troost, Compt. roid., 1863, 56, 891. 

Meyer and Biltz, Ber., 1889, 22, 725; see also Mcnscliing and Meyer, Annalen, 1887, 
240, 317. 

de Lucchi, dsiiovo dm., 1882, [3], ii, 11. Sec also '' A Taxi-book of Physical Chtmisiry,'' 
Vol. I., J. Newton Friend (Griffin). 




Many deteriiiinations at the ]iigher temperatures have been made by 
measuring the pressures of a known weight of gaseous phosphorus 
enelosed in a fixed volume. ^ The phosphorus was vaporised by means 
of an electric furnace in a completely closed vessel, the pressures being 
read on a quartz spiral manometer, which obviated the necessity of 
having any manometric fluid. Prom measurements of pressure, tem- 
perature and volume, the apparent molecular w'eight, or mean relative 
weight of the kinds of molecules which are present, can be calculated by 
the usual applications of the gas laws.^ Different amounts of phos- 
phorus conhned in the same volume exert different pressures, and a 
comparison of these with the relative densities indicates the effect of 
pressure upon dissociation for the joarticular temperature. From, about 
500 ° C. to 600 ° C. densities show the presence of molecules only. 
Between 600 ° C. (at which the density is 61-5 to 61-9 independently 
of the pressure) and 1200° C. dissociation takes place progressively, 
jDOSsibty in the stages 

P,:^2P2— 4P 

An attempt was made to calculate equilibrium constants for the separate 
dissociations, the heats of which could thus be determined : — 

P 4 — > 2 P 2 — 31*5 Cals. 

Pg— > 2 P —45*5 Cals. 

By means of the simpler assumption that each kind of dissociation is 
comj^lete before the next begins, the degrees of dissociation a at each 
temperature and pressure can be calculated directly from the densities, 
as in the following table. ^ 


DENSITY AND DEGREE OF DISSOCIATION OF 
PHOSPHORUS VAPOUR. 


,•0. 

(nim.). 

1). 

a. 

G 0. 

P (inm.). 

D. 

; ct- 

800 

542 

CO -9 

0-01 

1200 

930 

40-0 

; 0*34 


218 

60*7 

0*01 

?? 

690 

44*8 

I 0*38 


88 

50*0 

0*01 


412 

41-7 

: 0*48 

900 

608 

50*7 

0*04 


175 

38*3 

0-61 , 


00 

55*0 

0*12 

1300 

760 


' 0-60 (cak'.)l 

: 1000 1 

1 1 

604 

1 55*0 

, 0*10 


380 


0*60 ,, 

•’ 1 

no 

' 50*0 

i 0*23 


1 00 


0*81 

1 1100 ' 

810 

: 51*3 

, 0*20 


100 


0*80 

i ! 

145 

! 43*6 

: 0*41 

1 






The mean heat of dissociation, calculated from the variations in 
the dissociation constant between 1100° and 1200° C., is 49*2 Cals, per 
mol (P4). From this the constant, /C, w'as calculated at 1300° C., and 
the percentage dissociations at this temperature. At low pressures and 

1 Premier and Brockmoller, Zeiisch. physiJeaL Chtm., 1912, 8i, 161. 

“ Stock, Gibson and Stamm, Ber.^ 1912, 45, 3527. 
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above this temperature, the dissociation into Po being now complete, 
it is probable that single atoms, P, will begin to appear. On the 
assumption that P^, Po and P arc all present at an early stage, it is 
calculated that at 1200° C. and low pressures there is already a con- 
siderable percentage of P.^’“ 

The dissociation constants and AL, (P 2 ^=^ 2 P) are 

calculated to be : 


c c. 

800 

1000 

1200 

K, 

- : 350 

40-0 

1 2-11 

in 

. • 7-4 

9-0 

' 3G-0 

1 


The atomicity of phosphorus vapour under the critical conditions 
may be calculated from the van dcr Waals eoellicient b, which represents 
the actual volume occupied by the molecules and is given by the 
equation ^ 


b 


IT, 1 968 

2T3”8x82-2 "^273 


0-005392 


The value of b for phosphorus in combination is obtained additivcly 
from the critical data of phosphine. For the compound b is 0-00233, 
and for three hydrogen atoms Sb is 0-001086, whence b for combined 
phosphorus (1 atom) is ()-001211. The ratio of this to b for the free 
element gives the atomicity, 4-33, of the latter. 

Refractivity , — The refraetivity at three wavelengths was deter- 
mined by means of the .'Jamin refraetometer, a weighed quantit}" of 
phosphorus being gradually vaporised in an evacuated tube of fused 
silica with transparent plane parallel ends.^ 


A . . . ' 6800 A 5893 A 5100 A 

(/i-l)10<‘* . , 1200 ' 1212 1230 


The equation giving n - 1 as a function of A is 


-1 - 0-001162i 1 


1-53 \ 

AHoW 


From this the value of n-1 at A = 5893 is about 0-0012. 

Spectra of Phosphorus and Its Compounds.— When the ele- 
ment or some of its compounds arc introduced into a ilame, or when 
hydrogen containing a little phosphorus vapour is burned, a green 
colour is observed which has been resolved into bands in the orange, 
yellow and greenX The passing of an electric discharge through a tube 
containing phosphorus vapour at low pressures also showed a green 
colour which was resolved into similar bands.^ Other observations 

’ Stock, Gibson and Stamm, Bcr., 1U12, 45 , 3527. 

- Prouner and Brockmollcr, Loc. ai. _ " Smits and Bokliorst, loc. cd., p. 27G. 

Cutlibertson and Metcalfe, Froc. Boy. Soc., 1908, 80 (A), 411, 

^ Dusari, Co'uvjji. rend., 1856, 43 , 1126. 

c Blticker and Hittorf, Fhd. Trans., 1865, 155 , 1; Hartley, Fkd. Trans., 1894, 185 (A), 

161 . 
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are summarised in the appropriate works of reference i and compre- 
hensive papers." ^ ^ 

It has now been established that the emission spectrum of the 
element lies in the ultraviolet. Prominent lines in the are and spark 
spectra are found at A =2555*7, 2554*0, 2536*4, 2534*75 A. These are 
also seen in the spectra from the vapour in a Geissler tube, and in 
addition other lines at 2497*3 and 2484*1.^ A photographic record of 
the condensed spark spectrum showed lines at 2555*0, 2553*3, 2535*6, 
2534 A.^ 

When phosphoric acid or its salts are introduced into a carbon arc 
they give a mixed line and band spectrum. There is a band at 3286 
to :P246 A and others are found at 2635, 2625, 2611, 2597, 2588 and 
2571 A. Sharp lines are seen at 2555*0 to 2553*37 A, which represent 
the double line of the element at 2535*74 to 2534*12 A. There are 
several faint streaks at 2477 to 2385 A.^ The arc spectrum obtained 
by introducing phosphorus pentoxide into a copper arc contains at 
least 35 lines of wavelengths ranging from 2550 to 1672 A. Many 
of these are connected together as systems of constant frequency 
difference, and some of these series are due to doubly and trebly ionised 
phosphorus.^ The low-voltage are spectrum also shows lines and 
bands.’ 

The spectrum of the electrodeless discharge shows, in the spectral 
region transmitted by fluorite (CaF.,), 12 lines between 1859*4 and 
1671*5 A.”^ These also depend upon the degrees of ionisation of the 
phosphorus atom.® 

From the foregoing data it is evident that these spectra are similar 
to those which proceed from the slow combustion of phosphorus (p. 124). 

Absorption of Radiation. — Neither phosphorus vapour nor the 
compounds of phosphorus with colomless elements show selective 
absorption in the visible region. The vapour shows general absorption 
in the ultraviolet from a wavelength of about 2500 A at 150"^ C., 2820 A 
at 190° and 2960 A at 220°. Phosphine transmits rays down to about 
2230 A, and phosphorus trichloride down to about 2590 A.^ The 
infra-red absorption by PH3 is described under that compound. 

Fluorescence. — ^\4len the vapour of phosphorus at 600° to 700° C. 
and 1 mm. pressure (therefore containing a considerable proportion of 
diatomic molecules) is confined in a sealed quartz tube and exposed to 
the spark lines 2195 and 2144 A of cadmium, 2100 and 2062 A of zinc 
or 1990 and 1935 A of aluminium, it gives a fluorescent emission con- 
sisting of a resonance series in the region 3500 to 1900 A.^® 

^ Kayser, Ha ml buck der Spektwscopie,'' 6 , 239, Leipzig, 1912; llicks, '"A Treatise 
on the Analysis of S'pectmf Cambndge, 1922. 

- de Gramont, Bull. Soc. cJiim., 1898, [3], 19 , .14. 

Ivayser, 'HiauptlmLen der Li)atn-Spc.h(ra dor Klemtiite,'' J. Springer, Berlin, 1926. 

^ dc Gramont, Compt. rend., 1920, 172 , 1106. 

y "Atlas dyplsoher Spektreaf^ Eder and V^alenta, 1928, Verhger d. Akad. d. 

Wien. 

^ Saltmarsli, Phil. Mag., 1924, 47 , 874; Sur, Mature, 192o, 116 , 542. 

" Butlendack and Hutlisteiner, Phys. Pen.ew, 1925, [2J, 25 , 110, 501. 

^ llillikan and Bowen, Phys. Pevieiv, 1925, [ 2 ], 25 , 591, etc.; Dejardins, Compt. rend., 
1927, 185 , 1453. 

^ Purvk, ProG. Carab. Phil. Soc., 1923, 21 , 566; Dobbie and Fox, Proc. Roy. Soc., 
1920, 98 (A), 147. 

Jakovlev and Tcrenin, hsature, 1929, 337. See also Geutker, Ztiisch. iviss. Photochern., 
1907, 7 , 1. 
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Mass Spectrum.— The anah^sis of phosphorus by positive rays 
shows that it is a pure element, consisting of atoms which all have the 
same mass.^ 


Chemical Reactioxs of Phosphorus. 

Phosphorus unites directly with many of the more electronegative 
elements, forming oxides, halides, sulphides and selenides. The 
conditions of formation are described under the respective sections in 
this volume. The energies of combination with oxygen and the halo- 
gens are great. The oxidation probably always proceeds in stages, as 
described under Oxides.*’ The combustion proceeds not only in air 
and in oxygen, but also in many compounds containing oxygen, such 
as oxides of nitrogen and sulphur. Halogenation also proceeds in 
stages in those cases where both a higher and a lower halide are formed 
(see “Halides”). Phosphorus combines with nitrogen only under 
special conditions, and under the influence of the electric discharge 
nitrogen is absorbed by phosphorus.^ A mixture of phosphorus 
vapour with nitrogen under the influence of the electric discharge forms 
a solid nitride.'^ 

Phosphorus also unites directly with many metals giving phosphides 
(see p. 60), which are described under the respective metals in the 
volumes of this Series. 

Phosphorus does not, like nitrogen, combine directly with hydrogen."'' 
In this respect it resembles the succeeding members of the Group. 

Phosphorus is readily oxidised by strong oxidising agents such as 
nitric acid to phosphorous and ])hosphoric acids, eventual^ the latter. 
Hydrogen peroxide of concentration greater than 6 per cent, reacts 
violently when w'armed with red phosphorus, less violently with white 
phosphorus, giving phosphine, phos])horous and phosphoric acids. 

The reaction of phosphorus with the alkalies is described under 
“ Phosphine.” It is really a case of hydrolysis. This can also be 
effected by boiling water in the presence of certain metallic salts, which 
probably act by the intermediate formation of phosphides. Super- 
heated steam at 238° to 260° C. and under a pressure of 57 to 360 atmo- 
spheres gives phosphine and orthophosphoric acid, thus : — 

4P2 -f- I2H0O = 5 PH 3 -r3H3P04 

The simplest reaction will be represented by the equation 
2P rSll^O -PH3UH3PO3 

The phosphorous acid then decomposes, as it is known to do, giving 
more phosphine. 

The Action of Phosphorus on Solutions of Metallic Salts. — 
When white phosphorus is placed in solutions of the salts of the more 
“ noble ” metals the metals are deposited and oxy-acids of phosphorus 
are found in the solution. The ratios of metal deposited to phosphorus 

^ Aston, ''Isotopes,'' Churchill, 1923. 

- Newman, Proc. J^hys. Soc., 1921, 33, 73. 

^ Kohlsch utter and Frumkin, Zeitsch. EleJctrodiem., 1914, 20, 110. 

* jpoLe . — Under special conditions a certain degree of combination was detected (see 

p. 68).^ 

Weyl, Zeitsch. phys. Clmn. Unterricht, 1906, 39, 1307. 

^ Ipatieii and NikolaicT, Ber., 1926, 59, B, 595. 
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oxidised arc not constant except under certain carefully regulated 
conditions. It is stated that in the case of copper sulphate the ratio 
was 5 Cu : 2 P when only that ])hosphorus was included which was 
pi-esent as phosphoric acid.^ Tlie ratio 2 Cu : P (total phosphorus) 
has also been" found Mdien air was excluded.'^ The reaction proceeds 
in stages.''^ When the copper Iras been completely precipitated from 
decinormal copper sulphate about 13 per cent, is present as phosphide, 
but this phosphorus is oxidised later to oxy-acids. During the later 
part of the reaction the ratio is 2 Cu : P, or 4 equivalents of copper 
are deposited to 1 atom of phosphorus oxidised.'^ The metals which 
are deposited from neutral or slightly acid solution are those which 
react with phosphine, i.e. Cu, Hg, Ag, Pd, Pt, Au ; those above copper 
in the electrochemical series arc not deposited. In ammoniacal 
solution deposits are also obtained from salts of Pb, Ni, Tl, Sn, Co, 
Cd, Zn.-- 6 

The reaction with silver nitrate has been thoroughly investigated 
at different stages.'^’ ^ The dejDosit is dark at first, of a bright crystalline 
appearance later, and finally grey and spongy. The ratio Ag : P may 
be more than 5 ; 1 at the beginning and 3-6 : 1 or less at the end of the 
reaction. During the middle part the ratio is 4:1. Both the phos- 
phorous and phosphoric acids were determined, and it was suggested 
that these were produced in equimolecular amounts after the first 
deposition of phosphide had ceased. 

The metal may be deposited on a piece of platinum, gold or carbon 
at some distance from the stick of phospliorus with which this is in 
contact. The silver phosphide which was first produced had the 
formula Ag^P and phosjihorous acid muxs fonxied simultaneously. The 
following equations were suggested as representing the various stages : — 

2Py3HoO=PH, + H 3 P 03 
PH 3 ^ 3 AgN 03 = Ag 3 'P + 3 IINO 3 
Ag 3 P 5AgN03 -r 4 Ho6 = 8 Ag + 5 HNO 3 + IT 3 PO 4 

These equations perhaps give a general representation of the reactions 
which occur between phosphorus and solutions containing salts of the 
“ noble ” metals. 

Further references to the action of phosphorus on metallic salts 
are: Senderens, Compt. rend^, 1887, 104, 175; Bottger, Rejpert. Pharm., 
1875, 24, 725; Philipp, Ber., 1883, 16, 749; Rosenstein, J. Amer. 
Chern. Soc., 1020 , 42, 883 ; Polcck and Thummel, Bei\, 1883, 16,2442. 

Red Phosphorus. — The chief chemical properties of red or 
amorphous phos]xhorus were determined by the discoverer and other 
early investigators. As compared with white phosphorus, both red 
and scarlet phosjxhorus arc relatively inert, except in respect to certain 
reactions wdiich depend largely on the extent of surface exposed to 
aqueous reagents. 

Red phosphorus does not glow in the air, but shoAvs a faint lumin- 
escence in ozone. When heated in the air or moist oxygen it does not 

^ Bird and Biecs, J. Ainer. Chem. Sac., 1914, 36 , 1382. 

“ Straub, Zcifsch. an.or(j. Che/n., 1903, 35 , 4G0. 

^ Tauchert, ZcitscJi. ctnorg. 1913, 79 , 350. 

* Walker, Tnms. Chem. Soc., 1926, 128 , 1370. 

^ Kulisch., Annale/i, 1885, 231 , 327. 

Moser and Brukl, Zeiisch. anorg. Chehi., 1922, 121 , 73; Brukl, ibid., 1922, 125 , 252. 
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ignite below about 260° C., at which temperature the vapour pressure 
has become appreciable (p. 33).^’^ In warm moist air it is gradually 
oxidised to phosphorous and phosphoric acids.-’ 

It is even more readily oxidised by concentrated nitric acid than 
is white phosphorus, the product in both cases being a })hosphoric 
acid (g.c.). It is not affected b}' concentrated sulphuric acid in the 
cold, but on heating SOg is evolved amd oxidation of the phosphorus 
takes place. It is not affected by acpieous alkadics but dissolves in 
alcoholic potash,^ giving a deep red solution from which acids rc]')rc- 
cipitate the red element containing a suboxidc. 

It combines with halogens, although not so violently as white 
}dios])horus ; with chlorine, either gaseous or in aqueous solution ; 
with bromine in the cold ; and with iodine on warming. 

Red phosphorus is less soluble than white in all solvents. In water 
and alcohol it is almost insoluble. It is somewhat soluble in ether 
and in hot acetic acid, from which it is reprecipitated b}’' vvater. It is 
slightly soluble in phosphorus trichloride. These solubilities refer to 
the ordinary preparation, which, as shown on y). 32, usually contains 
residual quantities of the white form. Red |:)hosphorus is able to 
reduce salts, especially those of the ‘‘ noble ” metals, in aqueous 
solution on boiling. Salts of mercury aue reduced to the metal : those 
of gold and silver give insoluble ])hosy')hides ; while fcri’ic and stannic 
salts are reduced to ferrous and stannous respectively.’'' 

Scarlet Phosphorus, sometimes called Schenck’s ])hosp]iorus,’' ® 
can be yorcyoared by boiling a 10 yicr cent, solution oC phosjdiorus in 
])hos])horus tribromide. It ayiy^ears to be an intca’incdiatc form 
between the white and the red. The conditions of its formation and 
its ])hysical ])ropcrtics, so far as tliesc ai'c known, arc more fully 
dcsc^ribed under Scarlet Pliosy^horus,’’ ]). 42. 

The chemical y)roy^erties y:>artly resemble those of wliitc, y.^ai'tly those 
of red, phos])horus. It does not glow in. the air, but docs so in ozone. 
It is rapidly attacked by alkalies, giving hyymphosphitc and ])hosphinc 
whicli is ]K)t spontaneously inllammahvlc. It is coloured intensely 
black by ammonia. It dissolves in aqueous alcoholic ])otash giving 
red solutions from which acids ])rcci])itatc a mixture of phosphorus 
and solid hydride. It dissolves in phosy^horus ti'ibromidc to tlic extent 
of about 0-5 gram in 100 grams of the solvent at a.bout 200° C. 
It is said to be non-poisonous ; its jaliysiological ])royx!rtics probably 
resemble those of red }dios])horus (r/.tn). 

Colloidal Phosphorus. — An aqueous collosol has l)cen prepared 
by boiling commercial red yihosy)horus witli water to wliich has bccai 
added stabilising substances such as gelatin, dextrin or sucrose, etc. 
Contrary to the usual order, the last-named substances seem to have 
the strongest effect in ])rotecting the ])hosph.orus against coagidation 
by salts. ' When an alcoholic solution of white ])hos])horus is ])ourcd 
into water a colloidal solution is obtained.® A colloidal solution in 

^ I'littorf. Avnnle-ti, ISGo, 126 , . 1 0 .’p Cliern. Saic-^, JSGG, 13 , ioG; Solirottnr, J. praht. 
Chem., ]S53Ut], 58 , IGS. 

“ Uakor and Dixon, Proc. Poy. Sor.^ ISSD, 45 , ]. 

Dersonne, Compt. rmd., 1857, 45 , 1 13. 

Hichaelis and Arendt, Annulcn, 1902. 325 , 30 1. ^ Rosonstcin, Ion. cit. 

^ Schcnck, Per., 1902, 35 , 351; ibid., 1903, 36 , 97!), 4202. 

' Muller, Per., 1904, 37 , 11. 

s von Weirnarn, J. Puss. Phys. Cham. Soc., 1910, 42 , 453. 
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wobutyl alcohol was made by passing arcs between red phosphorus 
suspended in this medium.^ 

Detectiox and Estimatiox of Phosphorus. 

White phosphorus is easily detected by its well-marked property of 
glowing in the dark as well as by its peculiar smell and reducing pro- 
perties {q.o. pp. *27, 28). Smaller quantities may be detected by the 
well-known iMitscherlich test. The material is boiled with water in a 
flask furnished with a long glass rellux condenser cooled by air. A 
luminous band is seen (in the dark) at the point where the steam is 
condensed. The phosphorus may be distilled with steam and collected 
under water in small globules. The distillate will reduce ammoniacal 
silver nitrate and mercuric salts. The presence of phosphorus in the 
steam may also be demonstrated by allowing the latter to impinge 
upon a piece of paper wetted with silver nitrate, which is at once 
blackened. Other vapours and gases (such as AsITg) wdiich have the 
same effect are not likely to be produced under the conditions. Traces 
of white phosphorus in matches may be found by extraction vhth 
benzene. Strips of filter paper soaked in this extract, suspended in 
a glass tube and exposed to a current of air at 40-50^^ C. become 
luminescent if 0*01 milligram or more of phosphorus is present.- 

Small quantities of red phosphorus are best detected after oxidation 
by the tests given under ‘‘ Phosphoric Acid,” pp. 179, 180. 

Phosphorus combined in organic compounds, or as phosphide in 
metals, is also estimated after oxidation by precipitation as ammoniiinr 
phosphomolybdate or magnesium ammonium phosphate, with the sub- 
sequent treatment which is described on pp. 181-188. The methods by 
which the phosphorus is brought into solution vary with the nature 
of the material which is being analysed. Organic compounds are 
oxidised in a sealed tube with fuming nitric acid or in a flask by a 
mixture of concentrated sulphuric and nitihc acids. 

Alloys of copper and tin such as the phosphor bronzes are dissolved 
in nitric acid of density l-o, and the metastannic acid, which, contains 
all the phosphoric oxide, after ignition and weighing is fused with KCN. 
The aqueous solution of the melt is freed from tin globules by filtrafion 
and from traces of soluble copper and tin by HoS, then containing all 
the phosphorus as potassium phosphate, which is determined as 
described below. 

Iron and steel are dissolved in 1 : 1 nitric acid, the solution evapo- 
rated to dryness and the residue taken uj) with concentrated hydro- 
chloric acid until all the silica is rendered insoluble. The solution 
containing the phosphoric and hydrochloric acids is evaporated to 
dryness once more to get rid of the latter acid, and the residue then 
taken up with nitric acid and ammonium nitrate solution and pre- 
cipitated with ammonium molybdate. 

Small quantities of phosphorus may be estimated quickly by the 
mol^’bdatc method, the amount of phosphomoh’'bdatc being estimated 
colorimetrically by comparison in Xesslcr glasses or test-tubes with 
a standard prepared under conditions which arc made identical as far 
as possible. An account of this estimation is given under “ Phosphoric 
Acid,” p. 182. 

^ Svedboro;, Ber., 190G, 39 , 1714. 

" Schroder, Arbeiten Kaiserl. Gesimdheitsamie, 1913, 44 , 1. 
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ALLOTROPIC FORMS OF PHOSPHORUS AND 
CONDITIONS OF TRANSFORMATION. 

General. — Although the allotropic forms of phosphorus are not so 
numerous as those of sulphur, they are better dehnecl ; the differences 
between them are more striking. Apart from plastic sulphur, which 
is really a supercooled liquid, the forms of sulphur are obviously varieties 
of the same element ; the differences are found chiefly in the crystalline 
form, the other physical pro])crties not differing much. The contrast 
in the appearance and obvious properties of ordinary white ]:)hosphorus 
and the other varieties is so great that a casual observer would hardly 
suppose that they were the same element. If the allotropic forms of 
phosphorus are classified by means of their striking pro}:)erties, then 
at least five will be recognised, namely — White, Scarlet, Red, Violet 
and Black, whiclr show great differences in other ])hysical pro]:)erties 
besides colour, and also in chemical projicrtics. These forms will now 
be discussed from the view-points of tlieir lii stories, prc]:)aratiori and 
physical ])ro})erties, the conditions of their transformation and the 
evidence as to their molecular complexity. The chemical rcactimis and 
some ])hysical properties of all the forms arc givci:i in Cha])ter II. 

Red Pnospiioiurs. 

Preparation.— The production of this form can hardly escape 
observation, since it is ])rcscnt in the residue from the combustion of 
wliitc phosphorus in the air. 

When liquid phosphoiais is heated in a closed vessel or in a non- 
oxidising atmosphere, such as one of carbon dioxide, tlie licgnid gradually 
turns red and is then converted into a red solid. Tlie change is rapid 
at 210" C. and very rapid just below the boiling-]>oint, 2S()-5° C., of flie 
white form. Red jDhosphorus was first ])rcpa.rcd in this way by 
Schrotter ^ in 1815, and its chief ] 3 ropcrtics were then investigated. 

The red form is chiefly amor]:)hous, and of vitreous a])])earancc and 
fracture. On prolonged heating it gradually turns violet and exhibits 
double refraction.^ 

The transformation is greatly accelerated, and takes ])lacc at lower 
temperatures, in the presence of small quantities of iodine,'^ and also 
of selenium. In the presence of Al(t 3 the transformation occurs in 
evacuated tubes below 100“ C.^ 

^ Schrotter, Annalen, 1850, 8 i, 27{). 

- HiUorf, Amialtm, fSGo, 126 , 193. 

^ Broclie, Quart. J. Chtin. iSoc., 1853, 5 , 289. 

Boeseken, Froc. K. Akad. Wttensch. Amsterdjum, 1907, 9 , 613. 
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When white phosphorus is treated with liquid ammonia it is con- 
verted into red phosphorus with sinudtancous formation ot amide and 
nitride. 1 White ]}hosphorus, when dissolved in turpentine, phos]:)]iorus 
tribromide and certain other solvents, is converted into red phosphorus 
by heating for several hours at 29Cr C.“ Red pliosphorus may be de~ 
])ositcd vrhen ]:)hos])horus va]:>ov>r is suddenly cooled (see p. 10), and it 
was early sliown that on account of its small vapour ])ressurc this form 
might be condensed in the hotter part of a tid.)e (at 300'' C.) from 
vapour derived from white phos])]iorus in the cooler part of tlic tube.^ 
All varieties of p}ios]:)horus when strongly heated in sealed tubes ma}- 
be converted into yellow liquids which deposit red crystals at about 
.550'' C. 

A survey of the forms of phosphorus is given b}^ Linek, Zeitsek. 
anorg. Cheni., 1908, 56, 393. 

The red phosphorus prepared by moderate heating may be ground 
up with a solution of sodium hydroxide as in the technical preparation 
(see p. 10) and may also be extracted with carbon disul})hidc until 
the extract is free from white ])hosphorus. The resulting ])reparation 
is considered to be the purest red j^hosphorus.^ 

Physical Properties. — Density. — There is considerable variation 
in the values given by dilTerent investigators. A preparation which 
would answer most closely to the dcs('ri]:>tion of “ pure ” red ]ohos- 
phorus and prepared as described above has a density which varies 
only within the comparatively narrow limits of 2-18 and 2-23, and the 
value remains practically constant after long heating at 357° Ct The 
density of ordinary red ]dios])horus may be taken then as 2-20 0-02. 

Cohen and Olie,'^ to whom these results are due, regard red phosphorus 
as a solid solution of the white in tiic violet form. On long heating at 
4-50° C. the density increased to a ma.ximum, which was held to correspond 
with the maximum pro])ortion of the violet form, at a value of about 
2-30. Heating to higher temj)craturcs, between 500° and 600° C., so 
that the plios])horus became liquid, in some cases increased the density 
to 2-3 4, but in others the density diminished, e.g. to 2-24. The increase 
in the density on heating above 360° C. was considered by .Jolibois 
to be due to the production of the fonn which he called “ i^jyromorphie ” 
])hosphorus, whicli wars stable below 4-50° C., but he also considered 
th.at red j^liosphorus was a distinct allotropic form, with an interval 
of stability from 4-50° to 610° C. 

Vapour Pressure . — The vapour ])ressurcs of red pliosphorus ai’c 
mucli lower than those of liquid ])iiosphorus or of solid white phos- 
})]iorus at all temperatures within tlic experimental range. The latter 
arc tlicrefore unstable forms, or are monotrojiic wdth rcsjiect to red 
pliospliorus (and equally of course to the violet form). 

Thus at 279° C. the vapour jiressurc of liquid phosphorus is 753 
mm., while at 280° C. that of red phospdiorus is 23 mm.^ The ])rcs- 
sures of red p]ios])l'iorus arc not in equilibrium, but fall slowly as the 
solid changes into tlic more stable ‘‘ ]3yromorphic (violet) form. 

* Stock and Johannsen, Bar., 1908, 41, 1593. 

- Colson, CoDipt. rend., ] 907, 145, 1107; Ihtd., 190S, 146, 71. 
dk'oost and tIantel'ouill(‘, Ann.. Chlm. Fky.'<., 1874, [nj, 2, 145. 

^ Cohen and Ohe, Zeit.:;(:l->. phy.^nhuL Cheni.., 1910, 71, 1. 

^ dol]l)ois, Co/npl. rend., 1910, 151, 383. 

^ Hjitoi-f, Aii/t(dcn, 18(55, 126, 193. 
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The pressure of the latter, liowever, appears to increase more rapidly 
’vvith rise of temperature than that of red phosphorus, as is seen from the 
following table, on account of which 400"" C. was given as the transition 
temperature ^ by Jolibois. 


Fed Fliosph 

orus.^ 

“ Pyromorphic ' 

Phosphorus.^ 

P C. 

p (mm.). 

P C. 

'P (min.). 

289 

23 

345 

20 

398 

755 

422 

710 

400 1 

798 

430 

1045 


These measurements agree fairly well with those of Hittorf “ and of 
V. Schrotter.^ 

Melting-jjomf. — According to Chapman ^ the melting-point of red 
phosphorus is 610*^ C. ; according to Stock and Gomolka 620° to 
625° C. It is not far removed from that of violet piiosphorus. The 
variability in the melting-point, vapour pressure and density is ex- 
plained if red phosphorus is a mixture of various forms and is not 
itself a modification of phosphorus. [A modification is a state of 
aggregation which can exist in inner equilibrium, and which therefore 
is able to behave in a unary manner.^'] (See p. 39.) 

The Specific Heat of red phospliorus is less than that of wliitc 
phosphorus, being 0T608 to 0*I7()5 between 15° C. and 9(S° C.'^ 

The spcciric heats determined over other ranges of temperature 
are — ^ 


C. . 

Specific heat 


0-51^ C. 
0*1829 


0-134° C. 
0*2121 


0-199° C. 
0*2102 


Hardness. — This is greater tlian that of wliitc ])lios])liorus, being 
3*5 on iMoh’s scale. 


V 1 o L p/r Pi 1 ( )s r 1 1 ( ) PCS , 

History and Preparation.- — The ineijnent crystallisation of red 
phosphorus, which has been noted already, can he. carried to com- 
pletion by a procedure due to IIittorf,‘Avho dissohxxl !*cd ])liosp]ioriis in 
molten lead, and on cooling obtained yellowish-red translucent 'plates 
which had a density of 2*34 and belonged to the licxagonal system of 
crystals. Later investigators have obtained curved rectangular leaiiets 

* Jolibois , ,{<)('. ('.it. 

^ \'. S(;lu‘6Llor, AhiuiUui, I SJU, 8l, 27(). 

’ (Jiapnian, Tratu^. (Jhet/i.. Sor.., 1 SJl), 75 , 7.31. 

^ Slock an(i Goiaolka, JJer., 11)09, 42 , 4710. 

Sinits, ''Th.eory of Allof.ropyP' translated by Tlionias (Longmans, 1.922), p. 290. 

" Regnault, Arm. Chim. Phys., 1853, [3], 38 , 129. 

® AVigand, Ann. Physih, 1907, [4J, 22 , 64. ^ Hittoid, loo. cit. 



34 


PHOSPHORUS. 


which were transparent, had a steely bine lustre and belonged to the 
inonoclinic system. The form prepared in this manner is knoAvn as 
“ Hittorfs or violet phosphorus, with reference to its appearance 
en ynasse (see beloAv). The preparation Avas repeated by Stock and 
Gomolka.^ Red phosphorus Avas heated Avith lead in a sealed tube at 
800"" C. for 48 hours. After purification from lead and glass (the 
former aaus not completely removed, hoAvever), the phosphorus appeared 
as broAA'ii transparent plates, the density of Avdiich, corrected for the 
lead present, Avas 2-31 to 2-33. This form has also been crystallised 
from molten bismuth in AAdiich, hoAvcver, phosphorus is less soluble. 

The Auolet form can also be obtained from some preparations of red 
phosphorus by the folloAA’ing treatment. The finest particles are 
Avashed aAAmy in a stream of A\mter until only dark steehblue particles 
are left ; these are boiled Avitli 30 per cent, sodium hydroxide solution, 
Avashed again, boiled Avith 5 2:>er cent, nitric acid, washed Avith hot and 
cold AAmtcr, then Avith absolute alcohol and ether, and alloAved to stand 
until dry in a Amcuum desiccator Avith concentrated sulphuric acid.- 
The density of this preparation is about 2*2 (2-18 to 2-23). 

The pre])aration of Auolct phosphorus may couA'cnicntly be carried 
out as folloAvs : — The air is displaced, by means of carbon dioxide, from 
a hard glass tube, AA'hieh is then one quarter hllcd Avith ordinary phos- 
phorus, the remainder of the tube conta.ining pieces of lead, preferably 
those Avhich haA'e seiumd for a prcAdous preparation. Tlic carbon 
dioxide is then remoA'ed, the tube sealed on the pump, and ])laccd inside 
an iron tube, the space betAvecn the Avails being filled Avith magnesia. 
The AAdiole is heated in a tube furnace for 8 to 10 hours at a moderate 
red heat. After opening, Avith the usual precautions, the crystalline 
phosphorus is remoAXxl from the surface and the crystals from the 
interior are collected after dissolving the lead in 1 : 1 nitric acid. 

Crystals of A’iolct phosphorus apparently identical Avitii Hittorf’s 
phosphorus hav’e been obtained by maintaining the element at its 
melting-point in a scaled tube after starting the crystallisation by a 
slight supercooling. The tube Avas opened under carbon disulphide 
and the crystals separated from the Avlrite phosphorus in Avhich they 
AA^ere embedded. They appeared as six-sided Icatlcts Avith a charac- 
teristic angle of 76-78“ and short rounded obtuse angles at the ends, 
the normal or supplementary angle to Avhich Avas 27-28^. Violet 
phos])horus from molten lead yielded tAvo kijids of crystals, one of 
Avhich Avas identical Avith that ])i*epared as above. Both Avere plcochroic, 
and Avere described as dark orange in a direction ])arallcl to the long- 
side and lighter in a direction at right-angles to this. Their density 
Avas 2 •35.'^ 

\holet pliospliorus, Avhen rubbed to a very fine ])oAvder, assumes a 
red colour. It still exists, hoAvever, in the most stable form, i.e. the 
A’iolet, because it still exerts tlic characteristic lower Aa.uour pressure 
of this modification (p. 35). 

Physical Properties. — Dcnsitij. — The CAddence on which this 
depends has been rcvicAvcd (p. 32). On the Avhole it seems im])robablc 
that the density is much, if at all, higlicr than 2-3(). 

M elting-2^oi7it. —Th\s determination has of course been carried out 

^ Stock and Gomolka, loc. cit. 

- Cohen and Olie, Log. cil. See also Boeseken, loc. ni. 

5 hlarckwald and Helmholtz, Zeitsch. anorg. Chem., 1922, 124 , 81. 
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in sealed tubes. The values of different experimenters do not agree 
very well; they are: — 630° C., Chapman ; ^ 600-610° C., Stock and 
Goniolka ; ^ 597° C. (when heated slowly) Stock and Stamm. ^ Fusion 
and solidification proceed as if the phosphorus 'were not a pure sub- 
stance, but a mixture (see p. 39). The melting-points obseinxd 
were also triple points wdien, as usual, the phosphorus was sealed 
in an evacuated tube. The melting-points are lower if the tempera- 
ture of the bath is raised very slowly. In a bath at constant tem- 
pcratui’c the melting-point w'as found to be 589-5° C. b}' Smits and 
Bokhorst/^ who used a graphical method (see p. 38) in interpreting 
their results. 

Vajjozu' Pressure . — The determination of the values given below 
was beset with considerable difficulty," especially that of securing inner 
equilibrium in the solid phase. The curve lies below that of liquid 
phosphorus, which is unstable with respect to the violet (and red) 
forms up to the melting-point, 589-5°, of violet phosphorus. The 
pressure at tliis triple point is 43-1 atm., while that calculated from the 
thermodynamical equations {v. infra) is 42-9 atm. 


VAPOUR PRESSURES OF SOLID VIOLET PHOSPHORUS.^ 


f c. 

308-5 

346 

379-5 

408-5 

433-5 

450*5 


p (atm.) . 

0-07 

0-13 

0-35 

0*79 

1-49 

2-30 


h C. 

463-5 

472-5 

486*5 

505 

515 

522-5 


p(atin.) . 

3-18 

3-88 

. 5-46 

8-67 

; 10-43 

I 11-61 


h c. 

5() i 

578 

581 

587-5 

588 

589 

589*5 

p (atm.) . 

24-2 

34-35 

36-49 

41-77 

: 42*10 

42*6 

43*1 


It has already been sliown (p. 33) that red phosphorus probabty 
is not a unary substance, and that the difference between the vapour 
])ressurc-s of red and violet phosphorus below about 400° C. are probably 
due to the non-equilibrium conditions in the red form. Even in the case 
of tb.e more uniform violet modification, however, time is required for 
the (‘stnirlishmcnt of equilibria with vapour, and the values of the 
])ressures even up to 500° C. arc alfceted by an uncertainty on this 
ac.eonnt. Condensation of vapour proceeds in general more slowly 
than va.porisation, and especially is this the case where there is a great 
(lilferen(‘C between the molecular comjdexities of the vapour and of the 
solid. 

1/ea.ts of Va/porisaf/ion, Suhlvmation and Fusion.^^ — These latent 
lieats luvvc been obtained from the respective pressure-temperature 

^ Oh a. p man, /oc. C'd. 

- 8 i()ok and Gomolka, loc. cit. 

8 toc;k and Stamm, Br-.r., 1913, 46 , 3497. 

1 Smits and kokhonst, ZciUch. phi/sikal. Chcr.i., 1916, 91 , 248. 

* Nof(‘.- ^lass manometer of dilticulth' fusible glass was used. Jackson, J . CheT/i. 

;SVan, 19] 1, 99 , iOGG. 

'Theory of Allotropy p pp. 225 el seq. 
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relations of the liquid and solid violet pliosjDliorus (p. 38). The 
Clausius equation 

dlnj:) __ Q 


in which it is assunied that the vapour (P^) obeys the gas laws, is 
integrated and thrown into the form — 

Tlnp=-^^^cT . . . . ( 1 ) 


If Q, the latent heat, does not vary with the tempci’ature, a straight 
line will be obtained by plotting Tlnp against T. This is so in the case 
of liquid violet pliosphorus. The graph of liquid white phosphorus is 
slightly curved, and is a prolongation of that for liquid violet phosphorus. 
The integration constant c is obtained from the equation 


Tolnpo - Tjln2')i 

tI-t^ 


= tan a 


( 2 ) 


where a is the angle between the graph and the axis of abscissae. By 
introducing the c values into equation (1), the values of Q are obtained 

T -f T* 

for the mean temperatures — — — 

For liquid violet phosphorus c = 0*6, Q = 9,900 calories (from 551° to 
591° C.), mean temp, 571° C. 

For liquid white phosphorus c = ll*l, Q =12,100 calories (from 160° 
to 860° C.), mean temp. 260° C. 

Thus the numerical value of Q diminishes b}' 2,200 calories between 
260° and 571° C., and the temperature eoelTicicnt a in the equation 


is found to be 


Q'l’ — Qo + (xT 


' df. ‘ ^ 


This value of a is now introduced into the integrated form of the 
Clausius equation, and anotlicr c(]nation is obtained which includes the 
variation of Q with T and wliich should apply to the whole va})our- 
pressure curve of liquid ]:thosj)liOrus on the assumption that it is con- 
tinuous, i.e. that the liquid formed at lower pressures is really the 
same as that formed at higher pressures. The equations in question 
are 


7 Qo a 


Qn 




Qq is found to be 16,400 calories. 

Putting equation (4) into the form 

Thvp 4 - ii-GTlnt = - cT 


Sole. — In =:\ogg. 
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and plotting the left-hand side against T, a straight line should be 
obtained, and this is very nearly the case. 

The latent heat of vaporisation of liquid phosphorus at its boiling- 
point is calculated from equation (3) and is found to be 

12,500 calories at Ti, = 553° C. Abs. 

Hence we have 



which is nearly the normal value. 

The heat of suhlimMi on of violet phosphorus can be calculated from 
the pressure-temperature relations in a similar manner. In the first 
place, c is calculated by equation (2) (p. :3G) between =348-5 s- 273 
and 589-5 -273 and is found to be 18-9. Since the Tlnp/T graph 
is found to be rectilinear over this range of tcmjDerature it follows that 
Qsv <^loes not vary much, and it was possible to write the linear 
equation 

mp = 18-9T- 13,050 

If the value of QIR is taken as 13,000 calories in round numbers the 
heat of sublimation of violet phosphorus works out at 25,800 calories. 
This is an abnormally high value as can be seen by comparing the 
ratio /Ts wdth the normal ratio of about 30. is the sublimation 
temperature, i.e. that temperature at which the ^'apour pressure of 
the solid is equal to 1 atmosphere. In the present case Ts was found 
by putting p = l in equation (1) and was 688° abs. or 415° C., the 
sublimation temperature of violet phosphorus. 

ITence 

Qsv 25,800 ^ 

the abnormal ratio referred to above. The excess of licat required in 
this sublimation is explained as being due to the change from a ]Doly- 
mcrised form ha\;ing a lower energy content into the simpler 1\ 
molecule. This energy change has been found in a dillcrcnt way as 
the diifercncc between the heats of combustion of polymerised and 
ordinary phosphorus (see p. 132), i.e. 4 x4,400 = 17,600 calories per 
mol If;. The difference 25,800 - 17,600 =8,200 calorics is the physical 
latent heat of change of state solid — > vapour. 

Finally the molar heat of fusion (fj, is obtained in the usual vmy 
as the difference between the latent heat of sublimation and that 
of evaporation at the triiplc 2 )oint, 862*5° abs. — 

Qsl -=25,800 - 10,200 =3 5,600 calorics ^ 

Critical Constants . — These liavc been calculated from van der 
Waals’ and other equations of state. Thus ^,, = 720*6° C., /J,. = 93*3 
atm.“ or Z,. = 675° C., p., = 80 atm.'^ Another cstiimitc is =695° C. ; 
this value has been used to calculate the critical pressure by an 

^ Smit,s, loc. (yU., p. 33. 

- 41arck\vald and Helmholtz, loc. cil. 

3 van Laar, Proc. K. Alcad. WcLtnsch. Amsterda.m, 1917, [2J, 20, 13S. 

1 n^^dfhdn.ri rh-Y! FrYn>. FJn.n.vr 101 a 
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extrapolation of tlie vapour-pressure curve from C. The value 

of 7 ;.; so found is 88-2 atm.^ or 82-2 atm.- 

Theory of the Allotropic Forms. 

The phase diagram (lig. 3) constructed with the aid of the table on 
p. 35 and the data on pp. 22, 23 re})resents the closest approach to 
equilibrium conditions which has been attained.- Pressures at lower 
temperatures are magnified in order to show all changes on one 
diagram. Lines are lettered, as usual, with the phases which can 
coexist; Wo white phosphorus formed at high pressures, Wn = 



ordinary white ])hosi:)horus, L= liquid phosjihorns, G = vapour or 
gaseous phosphorus, ¥= violet pliosphorus. 

Curves Avdiich refer to unstable forms are represented by dotted 
lines, as also are the transformations of the condensed forms. The 
slopes of these curves can be calculated when the specific volumes of 
the two forms arc known ; tliiis the AVj-i-L line should slojic sliglitly 
to the right, since the specific volume of liquid ] 3 liosp]iorus is gi'cater 
than tliat of solid white ])}ios]ihorus near -f -tidP C. Tlie melting-point 
is therefore raised by an increase of jux^ssure. 

The solid white form really is only in a state oi‘ false ecpiilibriinn, 
being unstable with respect to the ])olynicrised forms at all realisable 
tem])eratures. There are also the otlier forms — j'cd, scarlet and black 
]dios])horus — the belun'iour of which imdca' definite conditions of 
{pressure and tcm])erat urc cannot tie stated with any certain tv. 
Further, the melting-]ioint even of the well-crystallised white jihos- 
jihorus can be made ,, to vary under certain conditions (sec ]). 15). 
In fact, all the condensed phases, liquid and solid, behave as mixtures 
rather than as single pure substances. 

^ Siiiiis, loc. Cit. - Smits and Bokhorst, loc. ctf. 

* Note . — The break at 44-U should not appear in the V-.Q curve since this will fall 
asymx^totically to zero pressure. 
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The existence of two or more molecular species is definitely postu- 
lated by Smits as follows : — ^ 

(1) “Every phase, and therefore also every crystalline phase, of 

an allotropic substance is a state which, in certain cireuin- 
stances, can behave as a poly-component phase.’' 

(2) “ The cause of this behaviour must be assumed to be the 

complexity, i.e. the existence of different molecular species, 
which are in inner equilibrium when the behaviour of the 
system is unary, or in other words when it behaves as a one- 
component system.” 

In the case of phosphorus there are probably several “ molecular 
species,” but the phenomena at temperatures which arc not too high 
can be explained rationally by assuming only two — Pa, which is white, 
with a low melting-point and high vapour pressure, and Pd, which is 
violet, with a high melting-point and low vapour pressure, and which 
probably is highly polymerised. 

The density of the vapour is the same whether it is derived from 
white or red phos])horus, and at lower temperatures and not too low 
pressures corres])onds to molecules P,^. 

In the liquid the pseudo-components are supposed to be in a state 
of dynamic equilibrium which shifts with the tem])erature, but does 
not readjust itself instantaneously on sudden changes. 

The solids, at any rate the polymerised forms, are regarded as solid 
solutions of Pa and P/3 in varying proportions. Temperature-concen- 
tration diagrams similar to those representing a two-component system 
have been constructed for these pseudo-eomponents. 

When the liquid is heated to between 400'' and 500° C. it is highly 
supercooled with rcs])cct to violet phosphorus, which crystallises with 
explosive violence. When, however, the vapour is cooled ra])idly so 
that the liquid ])asses rapidly through this range down to 30° C., the 
liquid white phosphorus, which is richer in Pa, and thus approximates 
more closely to the composition of the vapour, is deposited lirst, and 
subsc(][uently solid white phosphorus, whiclr also resembles the licpiid 
and the vapour much more closely than docs the polymerised form. 
This appearance of a metastablc rather than a stable form was ]:)ointcd 
out long ago by Frankcnhcim,“ and stated formally as a generalisation, 
called by Ostwald the Law of Successive Transformations, thus : 
“ When a given chemical system is left in an unstable state it tends to 
change, not into the most stable form, but into the form the stability 
ol‘ which most nearly resembles its own, i,e. into that Iransient or 
permanently stable modilication whose formation IVom the original 
state is accom])anied by the smallest loss of free energy.” 

The condensation of ])hosphorus va]:)our, however, does not ncc'cs- 
sarily yield wliite ]:)hosp]u)rus ; much depends upon the temperature 
to which the ^upour has been heated and the rate of cooling. 

It was noted by ilittorf that the vapour evolved by red phosphorus 
at 4 10° C. was deposited in the yellow form. Hut Arctowski^ found 
that when red ])hos])horus was heated in a vacuum at 100° C. it sublimed 
and condensed in the same form. This phenomenon was investigated 

^ >Siuits, loc. oil. - Fraukenheim, Anualc/L, 1830, 39, 380. 

Ostwald, Zctl-sch. j)hi/diJcal. Chtm., 1897, 22, 3UG. 

Hittorf, loc. cll. 
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in detail by Stock, Schroder and Stamm, ^ The phosi^horus was in- 
troduced in varying amounts into a sealed quartz tube, lieated to 
various temperatures and suddenly cooled by immersion in water. 
Cooling from the temperatures stated in the first column of the following 
table gave the products described in the second column 


Temperatures, ° C., from 
wliicli Sudden Cooluig 
was eftected. 


Appearance of Prodaet. 


400 

450 

550 

600 

700 

000 

1000 

1200 


Colourless drops. 

Pale yellow drops. 

Distinctly yellow drops. 

Drops with a few purple flakes. 

Some brownish-red solid. 

Opaque brownish-red solid. 

Denser and more opaque. 

Phosphorus vapour at 5 mm. gave entirely 
red phosphorus. 


An examination of the behaviour of red and violet phosphorus (and 
indeed all solid forms) in the light of this theory leads to the conclusion 
that they are mixtures, with tlie difference that while violet })hosphorus 
is capable of behaving in a unary manner, red phos})horus is not. 
Violet phosphorus is a mixture, because when it is heated to 860'^ C. 
in a vacuum, and the vapour is thus rapidly removed, the vapour 
pressure fadls.- The inner equilibrium has not in these eireumstances 
time to adjust itself to the loss of the volatile Pa molecules, the residue 
becomes ]3()orcr in tliis kind and therefore has a lower vapour pressure. 
The prociuetioa of red phosphorus below 400° C. may be explained 
partly by an increase in the proj^ortioji of Pa juolecules in the solid 
solution of tlie ’pseudo-components, but principally by a delay in the 
establislmicnt of the equilibrium, which leads to the production of 
solid solutions still richer in Pa, wliich arc not in equilibrium but which 
constitute the ordinary red phos])hc)rus. This therefore is not an 
allotropie niodillcation, if sudi a modification is defined as a substance 
which can exist in inner cqnilil^rium and which is able to behave in 
a unary manner. 

Black Piiospiiorus. 

General. — This form must not be confused with the black substance 
whicii appears Oii the outside of sticks of white phosphorus which have 
been exposed to light, and wliich is neither a definite form nor a pure 
substance. Tiic prcpctration of a dark su])stancc by the sudden cooling 
of pliospboi'us c*ould not be repeated, and this result probably was also 
due to impurities. 

Black phos])liorus wms discovered by Bridgman,'^ who ])reparcd it 
by subjecting white pliosphorus at 200° C. to pressures of 12,000 to 
18,000 kilograms per square centimetre. 

1 Slock and , Stamm, Btr., ]9i;>, 46 , 3497. See also ihld., 1910, 43 , 45J0. 

- Lcmoirie, A)tn. Cldm. Bhys.., 1871, [4J, 24 , 129; Stnils and Rokhorst, loc, cil., p. 2SS. 
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Physical Properties. — The density, 2-69, is much higher than 
that of violet phos])horus. The vapour pressures were found to be 
lower than those of the violet element at the same tcm]:>cratures : — 


1 

Black PhosxDhorus, 

'P (mm.). 

■ 357-1 

2-3 

: 445-2 

585 


In spite of this relation between the va23our pressures the violet form 
could not be converted into the black at ordinary temperatures. Later 
investigations showed that the black form probably is only in a state 
of false equilibrium or sus})cndcd transformation at ordinary tempera- 
tures and pressures.^ 

The black phosphorus was with diiliculty freed from the kerosene, 
through which pressure had been applied, by heating in evacuated 
tubes to 550° C. The vapour pressures of the product (w'hich might 
also of course have been altered by this treatment) were now almost, if 
not quite, equal to, and ad)ovc 560° C. greater than, those of the violet 
form. The conversion of tlic black into the violet w'as cifected by 
heating in the presence of about 1 per cent, of iodine at 480° C. or 
Avithout the iodine at about 575° C. 

It has already been mentioned thad black ]3hos]3horus has a greater 
electrical conductivity than other forms, and is tliereforc to be con- 
sidered as the most “ metallic '' variety.- The conductivity, however, 
like that of gTa]3hite, increases with rise of tc]n})erature, and this form 
is therefore only ]3seudo-mcLallic. 


X-ray Bata .. — The structure of black ])hospho]'us has been cal- 
culated from the X-ray rcllection s})ectruni, using the ]30wdc]’ method 
of Debye and Scherrer. It is a rhombohedial space-lattice liaving a 
characteristic angle of 00° 47', and a side of 5-96 A. The unit cell 
contains 8 atoms, and therefore the volume of the unit molecular 


aggregate is ^ 


8J/ xU65 

Auoo 


151-6 c.c. 


Avhere 2-609 is the density, A, of black phos])hoL'us and U65 x 10 is 

■v'a 

the mean value of tlie constant d a/ - 7-7 in whicli d is the distance 
between the diffracting planes. 

IRack ])hosphorus and couibined plu)S[)liorus give characteristic 
absorption spectra for X-rays, tlie limits of wavelength being different 
in the res])c;cti\ c cases. Red pli()S])horus shows two limits, whicli arc 
those cliaractcristic of black and of combined phosphorus.'^ Tlie 

^ iSmits, ]^iey(S' aad Beck, Proc. K. A lead. WtU ii.'icli. Anidtrclani, i 8 , U92. 

- Bridymaii, J. A/z/r-r. Chtm. Sac., j0i4, 36 , 1244. 

^ Linck and duiju, Ztifsch. aziunj. Chf-m., ]92.'), 147 , 2S8. 
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absorption coefficient for X-rays is 5-68, as compared with 569 in the 
case of leacl.^ 

In its chemical properties black phosphorus is on the whole similar 
to red phosphorus. It ignites in air at about lOH' C., and is insoluble 
in carbon disulphide. 

SCAllLET PirOSPirORUS, AXD THE TuANSITIOXS TO 

Violet Phosphorus. 

It has already been shown that the transition through the various 
grades of red phosphorus to violet phosphorus proceeds continuouslv 
as higher temperatures and longer times of heating are progressively 
applied. Liquid phosphorus, when in the early stage of transforma- 
tion, shows a fine scarlet colour and probably then contains the form 
known as scarlet phosphorus or Schenck’s phosphorus, from its 
discoverer. 

Preparation.— Scarlet phosphorus is prepared by exposing to light 
a solution of phosphorus in carbon disulphide or carbon tetrachloride, 
or by boiling a 10 per cent, solution of phosphorus in phosphorus tri- 
bromide. - in the latter case the product contains considerable quan- 
tities of the solvent, in which it is slightly soluble. The solvent may, 
however, be removed by reducing the tribromide with mercury at a 
temperature over 100'^ C, The remaining tribromide and also the 
mercuric bromide may then be extracted with ether. ^ The lighter 
coloured preparations are more reactive than the darker, on account 
no doubt of their finer state of division. 

It may also be rioted that liquid phos])horus prepared by melting 
in scaled tubes under high pressures may deposit scarlet crystals. 

Scarlet phosphorus has a density of 2*0, i.e. slightly less than that of 
red phosphorus. It is isotropic, and in this res]oeet resembles red 
phosphorus wiiicli has been iprcpared at eompai’atively low' tempera- 
tures. Red phosphorus which has been ]U‘C]3ared at higher tempera- 
tures shows clistinct evidence of crystalline structure. 

Scarlet phosphorus is thus a transitional form and (*.aii be coin'erted 
into the red varict}' by heating for some time at 300° C. in an atinosphere 
of carbon dioxide. 

The chemical propcj’ties of the various lorms of phosphorus have 
already been described (Chap. II., pp. 27-20). 

The xVtohic Weight or PnosiMiouus. 

Historical. — In his tables published in 1818 Berzelius gave 
31*36 as the atomic weight of ])hos])horus. Other values obtained 
before and after this time did not agree even so well as this with the 
value accepted to-day. The reactions prinei])a]l\'' cin])loycd in this 
early ])eriod w'cre the displacement of gold and silver from their chloride 
and sulpliate respectively by elementary ])hosphorus. These reactions, 

^ Auren, Fhil. Mag., 1917, [G], 33 , 471. ITnl.hci* ro.fcvrencos include: Tuener, Fh.y’'^. 
Rtview, 1925, [2], 26, i43; Bose, Ibid., i92G, [2J, 27, 52 J , MH^erinan and (dark, Paj. 

Roc., 1922, 102 , A, 405; Allison, J . WaMingion Acad., 102(), 16, 7. 

- Schenck, Ber., 1902, 35 , 351; ibid., 1903, 36 , 979 and 4 202; idem, ZclUck. Ehdetro- 
cltevi., 1905, II, 117. 

^ Wolf, Ber., 1915, 48 , 1272. 

^ Berzelius, ScliweiggeM $ J., ISIS, 23 , 119; '' Lehrbuch,"'' otli ed., vol. iii., 1845, 1188. 
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he assumption that one atom of phosphorus precipitates of an 
a of gold and 5 atoms of silver, led to the weighted mean just 
:ed. The reactions are, however, in reality rather com] 3 lex (see 
S). It happeiied that the right condition, i.e. an excess of silver 
hate, was chosen to give the ratio P : 5Ag. If, however, the metal 
impletely deposited the ratio is P : 4Ag nearly. 

whrottcr ^ determined the ratio of the element to its pentoxide 
burning a weighed quantit}^ of amorphous phosphorus in dry 
>'en and weighing the oxide. The method is fraught with many 
ndties. Unconsumed phosphorus was carried forward, and the 
bustion had to be completed in the successive bulbs in which the 
[net was collected and weighed. It is also probable that backward 
Lsion or other contact with water vapour introduced an error. The 
mum atomic weight deduced from these experiments was 30-04, 
naximum 31-06 and the mean 31*03. But on account of the known 
inplcteness of the combustion the value 31-00 was assigned. 

Ihis experimental result happened to agree with thrd of Dumas, “ 
by means of the ratio PCI 3 to AgCl found P =31 •O 4 , a result which, 
ig the probable accuracy as 1 in 300, is not affected by recalculating 
i iOumas’ ratios with our fundamental atomic weights, 
leterminations of the molecular weight of ]>hosphinc by the method 
miting densities led to atomic weights of 30-98 ^ and 30*91.'^ The 
pressibility of phosphine was not known, however, with sufficient 
racy to allow a reliable calculation of the limiting density, 
n an attempt to settle the question by a comparison of all the 
methods known at the time, v. dcr ITaats decomposed silver 
Lte with phosphorus, burned red ])lios]ihorus to the ]icntoxide and 
determined the ratio of silver to its ortlio])hosphate. Tlic results, 
d on Ag = 107-90, arc — 

latio determined . P : 5Ag Ag 3 P 04 : 3Ag 2 P : P 2 O 5 
ctomic weight . . 30-93 30-99 30-98 

die concordance is not sidficicntly good to justify a recalculation 
Lir fundamental value Ag = 107-88. 


Standard Methods and Results. 

n the more recent determinations which have led to the accepted 
e of the atomic weight the method of decomposition of the halides 
been followed with the aid of all the present knowledge as to the 
er conditions for the conversion of halogen hydrides into silver 
les. An interesting method has also been worked out by which 
r phos])hate is eojivcrtcd into the bromide. Tiic results olitained 
his method, whicdi will be deseribed lirst, give additional weight to 
e obtained from the phos})horus halides. 

Schroiu-r, Ami. CIilvi.. IAlijs., 1853, [3J, 38 , 131; ulcm, J. jjraJd. Chon., 1851, 53 , 

llutrias, A/i/i. Chi'ni. I-^hys., 1859, [3J, 55’ t29. 

Uert-liclot, 13., Cotn/pt. rend., 1898, 126, 111,5. 

Tcr-Gazanan, J. ClLtrn. phys., 1909, 7j *337. 

\'. dcr Idaats, CoinpL. rtnd., 1885> lOO 52. 
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Ai'jinlc tin' Ratio Sihcr Broaiidc to Silver FJiosphate, 

Sih'cr ort lu>{)!i(,>s])]iate, prc‘|);ir(“(l ])y several inetliods, one oi wliieli 
is inciieatecl })l‘Io\v, vras (‘Oin'eiTed into silver bromide, tlie ecpiatioiis 
in\'olved ])einu‘ 

;b\oNO;. 4-NV. JIPO.i-Ag, HO. 4- 2NaN03 4 - 11 x 03 . (1)^= 

Ag.PO, p:3lliH'-HVgBr-rIl3p0.i . . ' (2)i’-'3 

The silver nitrate was ])repared by dissolving precipitated silver in 
nitric acid, which had been twice redistilled and condensed in a platinum 
condenser. The silver was ])recipitated from the cominercial nitrate 
by means ol ainmoniiim fornuite. After washing, it was fused with 
sugar eliarcoal, scrub!)ed, cleaned with ammonia and nitric acid, dis- 
solved in the redistilled nitric acid, the solution evaporated to satura- 
tion, ])recipitatcd witli more nitric acid, centrifuged and the nitrate 
reerystallised. The hydrobromie acid was prepared by })assing hydrogen 
througli the purest bromine (see }). 45) and then combining the mixed 
gases over lieated pladinised asbestos. The condensed acid was twice 
boiled with more bromine and once with bromine liberated by means 
of potassium permanganate, then distilled througli a quartz condenser. 
The XaoHPO^ was treated witli hydrogen sulphide, boiled, filtered 
free of a green ])rccipitate (due to iron), then reer\'stallised fifteen 
times. It contained about 0*01 milligram of arsenic in 10 grams, an 
amount entirely insufiicient to affect tlie results. By nephelometry no 
chloride or otlicr substances were found which could be precipitated 
by silver nitrate in nitric acid solution. XTiNH^IlPO^ was prepared 
and ]nirihed in a similar manner. 

The solutions which were allowed to interact were about 0*03 N 
in order to avoid inclusions in the preei])itates. The latter were well 
washed, and allowed to stand in water for at least 24 hours. Silver 
orthopliosphate was sta])lc in the ])resence of the moderate amounts of 
acid produced by some of the reactions which were tried. If silver 
nitrate is poured into excess of disodium hydrogen phosphate tlie 
precipitate settles rapddly, but precipitation is incomplete. If di- 
sodium ammonium phosphate is ]:>oured into silver nitrate the precipi- 
tate settles rapidly and the solution remains nearly neutral, according 
to the equation 

XaoXHHO, 4- SAgXO^' -= Ag3PO^ + 2XaX03 - XII^X03 

By a combination of metliods, for an account of which the original 
loaper should be consulted, pure Ag 3 FO_^ was obtained and dried bv 
heating in a platinum boat in a current of dry air free from carbon 
dioxide. Alter weigliing, it was dissolved in nitric acid and the solution 
was poured into an excess ol hydrobromie cicid, witli the ]>recautions 
usually employed in the quantitciLive prcei])itation of silver bromide. 

The ratio 3.Vg]5r : AgoPO^ varied between 1-34558 and 1-34570 as 
extremes, the mean \'alue lieing 1-34562. It was considered that the 
mean \'ahie was, it anything, shglitly low owing to a possible occlusion 

}\otr . — _\.nd otlu'r equations, cjj. that given below. 

^ Baxter, J . Aim r. Chc.m. goc., lUOS, 30 , 286. 

2 Baxter and Jones, ibid., 1910, 32 , 298. 

^ Carnajit Insttiutivu of Wa.shLnglu/i, Publication 135. 
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of Ao’oHPO^. It was noted that the samples of silver phosphate 
prepared under more aeid conditions gave a ratio of 1*34558, while 
tliosc under less acid conditions gave a ratio of 1*34564. If Ag is 
taken as 107*88 and the percentage of Ag in AgBr as 57*4453, the two 
mean ^'alues of the bromide-phosphate ratio give 31*043 and 31*037 
respectively as the atomic weight of phosphorus. 

In view of the fact that the methods to be described each have 
their own sources of error it seems tliat the phosphate results should 
be taken into account in assigning the atomic weight. 


Ratios PBr.^ : SAgBr and BBr-. : 3vig. 

The preceding method is open to the criticism that sih'cr ortho- 
pliospliate contains only 7*4 per cent, of phosphorus. Phosphorus 
tribromide is somewhat better in this respect, containing 11*5 per cent, 
of phosphorus; but on the other hand the preparation and epaantitative 
decomposition of this compound in a manner suitable for atomic weight 
determinations present grea.t difficulties, the nature of which is apparent 
from the following narrative.^ 

Outline of Process . — Pure dry bromine was allowed to act on pure 
dry phosphorus in a vacuum ; the PBrg was distilled into receivers 
which were sealed and weighed, then decomposed by breaking under 
an ammoniacal solution of hydrogen peroxide. The solution was 
acidified with nitric acid and the bromine precipitated and weighed 
as silver bromide. 

The Reagents . — The water, nitric aeid and ammonia were purified 
by redistillation and the usual methods, and the silver by the methods 
in common use for its preparation as a standard clement in atomic 
weight determinations. The hydrogen peroxide was a c.p. sample 
free from sulphuric and halogen acids. The nitrogen used in the 
preparation of the PBr.^ was prepared by passing air and ammonia over 
heated copper gauze (see this Voi., Pai4 I., p. 25). The phosphorus was 
twice distilled vdth steam in an all-glass apparatus. The bromine was 
distilled from concentrated potassium bromide (which removes all but 
a trace of chlorine), then converted into potassium bromide by action 
on a solution of potassium oxalate. To remove iodine the solution of 
potassium bromide was looiled with some of the partly purified bromine, 
and finally with small portions of potassium permanganate. It was 
then evaporated to diyncss and fused. From this fused potassium 
bromide bromine was prepared by dissolving in water, adding sulphuric 
acid and enough ])otassium permanganate to liberate three-quarters 
of the halogen. This was distilled a second time from the bromide, which 
was nearly pure. The separated bromine was dried by resublimcd phos- 
phorus pentoxidc, from which it was distilled immediately before use. 

Preparation of Phosphorus Tribronvide . — An excess of bromine was 
necessary on account of the solubility of pliosphorus in PBrg. Distilla- 
tion of this from red phos'phorus yields a ])roduet wlhcli contains too 
little bromine. The pliospliorus (Uf grams) was freed from water bv 
pressing between hardened filter-pa]3ers and jdaced in a distillation 
flask containing dry nitrogen. The flask was then ]}laeed in boiling 
water and the contents subjected to a current of dry nitrogen, with 
shaking, to eliminate all steam from the liquid phosphoims. The 
^ Baxter, Moore and Boylston, J. Amer. Chera. Sgc., 1912, 34 , 259. 
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ihisk was then evacTiatccI and closed. It was cooled with ice-waatcr, and 
the calcnlated amount of juire dry lu'omine admitted n-radually from a 
ta]) nmnel. After addition of nearly the theoretical amount of bromine 
tlic PBr-, ill tlie uiipcr part of the flask wms decomposed with hot water 
and more 'hromiiie admitted until the tribromidc assumed a reddish 
colour due to ex(*ess of bromine, when such excess amounted to a few 
centioTams. Dry nitroo-en was then admitted so as to produce a 
slio;ht excess pressure, and the tribromide then fractionally distilled in 
a vacuum, the fractions being collected in a number of receivers placed 
in scries. In this distillation a residue of a few grams was left in each 
of the first two receivers, this containing any dissolved phosphorus 
which was ]UTsent. The bulk of the distillate in the third receiver now 
contained a slight excess of bromine. This w'as removed by bubbling 
through the warm liquid A'apour derived from the second receiver. 
This process was continued for some time after the distillate became 
colourless. The residue in tlie third receiver, about 100 grams, was 
redistilled into several small bulbs, which were then sealed at their 
capillary jimctions. The first and last samples collected showed 
equally a slight yellow tint when warm. This is probably characteristic 
of the })urc tribromide. 

A bulb and contents, after weighing, was broken by shaking 
under a solution of ammoniacal hydrogen peroxide in a stout flask 
closed by a glass stopper. The decomposition of the PBi’o was com- 
plete in 5 minutes, but the flask was allowed to stand for 24 hours 
with occasional shaking in order to effect complete absorption of the 
fumes of XH 4 Br. The cooled solution was filtered through a small 
paper, wdiich was burned at as low a temperature as possible. All the 
broken glass was thus collected and weighed. The filtrate was acidified 
with nitric acid, introduced by a thistle funnel at the bottom of the 
solution, in order to avoid any loss of bromine set free locally and 
temporarily. The bromine, present as hydrobromic acid, was then 
determined in two ways — 

(a) By finding the amount of silver wdiich combined wdth it 

completely. 

(b) By weighing the silver bromide precipitated. 

Both determinations w'ere carried out wdth the same solution. 

{a) A quantity of silver wUich was equivalent to the liromine 
present within a few' tenths of a milligram wiis dissolved in nitric 
acid w'ith the usual precautions, the solution treated w'ith an excess 
of nitric acid and added to the solution prejiared from the PBr 3 wdth 
constant agitation. After standing, portions of the clear solution w^ere 
tested in a nephelometer for excess of bromide or of silver. The 
bromide w'as ahvays found to be in slight excess. The solution wiis 
then adjusted ivith X/100 AgXOg, shaken, allow'ed to stand, and the 
adjustment repeated until the amounts of silver and of bromine w'ere 
again equivalent. After standing for a w'eek, a nephelometer test 
showed that there was again an excess of bromide, apparently due to 
the diffusion of occluded bromide out of the precipitate. "The de- 
ficiency of silver w'as again made up, the final end-point being reached 
in about a fortnight. 

(/;) The precipitated AgBr w'as wmshed by decantation with water 
aiid collected on a Gooch-lMunroc-X^eubaucr crucible, which w'as then 
heated gradually to 200^ C. and kej)t at that temperature for 18 hours 
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or more. After eoolin", the bromide was weighed by substitiitioji 
for a similar counterpoise. The precipitate was then transferred to a 
porcelain erueible and fused. The loss in weight on fusion seldom 
amounted to more than 0*001 ])cr cent, of the weight of the precipitate. 
The clear yellow colour of the fused bromide was an additional guarantee 
of purity, since a very small percentage of impurity is suflicient to 
produce a perceptible darkening. The amounts of AgBr which were 
dissolved in the filtrate and wash water were also determined. 

The concordance of the two methods {a) and (b) could be checked 
bv means of the ratio Ag : AgBr, whicli as a mean of seventeen results 
was 0*574462. This is almost identical with the va,luc 0*574453 which 
had already been considered to be the most probable.^ Three series of 
determinations were carried out, each including five to eight separate 
experiments, and there were thirty-six in all. The means of each of 
the sets carried out according to methods (a) and (5) are given in the 
following tables. The atomic weight of phosphorus is calculated from 
these results using Ag = 107*880 and Br = 79*016. 


WEIGHTS OF PHOSPHORUS TRIBROMIDE CORRESPOND- 
ING TO THREE PARTS BY WEIGHT OF SILVER AND 
OF SILVER BROMIDE, AND VALUES OF THE ATOMIC 
WEIGHT OF PHOSPHORUS. 


Method (<'/). ' Method (6). 


Ratio P.Br 3 : 3A,es 

Atomic IVeight. 

Ratio FBr 3 : oAgBr. 

Atomic Weight. 

0*836660 

31*031 

0*480629 

31*033 

0-8S6G40 

31*022 

0-4806-2S 

31-032 

0-836644 

31*025 

0-480611 

31-022 

0-836648 

31*026 

0*480623 

31*029 


A given perceirtage erroi* in I'lic experimental work is multij^lied nine 
times in the calculation of the atomic weight, i.e. an experimental 
error of 0*01 pei’ cent, affects the calculated atomic weight of phos- 
phorus by 0*027 unit. The highest individual value was 31*010, the 
lowest 31*013, which corresponds almost exactly to 0*01 jmu' cent, 
accuracy in the experimental Avork. Of the thirty-six results, however, 
twenty-seA'en fell between 31*035 and 31*021, a fluctuation only half 
as great. The wiriations in tlie mean results arc about 0-002 ])cr cent., 
Avhieh corres])onds to about 0*006 unit in the atomic Awight. The 
means of the .means agree to 0*003 unit. GiA'ing a sliglitly greater 
Aveight to method (a) the investigators deduce from these results an 
atomic weight of 31*027. 


^ Baxr.ei', J. Amtr. CJirni. Sac., IDUG, 28 , 1322. 
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liafios PCI.^ : ?>JgCl and PCI.. : ZAg. 

Siiice tlio ])erc‘cntnge of ])hospIiorus is coosiderabh' higher in the 
c‘h:l()ri(le ilnin in the ])roniicle it was considered that the atomic weight 
miglit !)e deduced witli even greater accuracy from the former com- 
pound.^ Tiie metliods used were similar, although not identical ; 
tlie most impordmt points of difference v.dll be noted. 

(h.lorine prc’pared from manganese dioxide and ]mirc IICl was 
li([uehed and the dry gas evolved from the liquid was admitted to the 
dr^' idiosphorus in a vacuum. In tins case phos})horus pentaehloride 
wjis foiancd in considerable quantity and was removed only by several 
distillations. It could not be inferred with such confidence that the 
trichloride was free from pentaehloride as that the tribromidc was free 
from bromine. The trichloride was decomposed and oxidised in the 
manner already described. In the subsequent estimation of the silver 
chloride less diiTiculty was experienced in freeing this from occluded 
cliloridc, but more difficulty in determining accurately the amount of 
silver chloride remaining in solution. It was found possible, however, 
to diminish the solubility by adding an excess of silver nitrate solution 
and partly washing the preei})itatcd chloride with this solution. 

The silver cliloride was dried at 190° C. and weighed as usual in 
series III. In series I and II the exact amount of silver nitrate re- 
quired for complete reaction was found by adjustment, using the 
ne])heiometer as already described. The means of the experiments in 
each series arc given in the following table : — 

WEIGHTS OF PHOSPHORUS TRICHLORIDE CORRE- 
SPONDING TO THREE FARTS BY WEIGHT OF SILVER 
AND OF SILVER CHLORIDE. 


Tvlethod {a). 

He t hod (6). 

Ratio PC'!. ; 3A-. 

1 

Atomic VVeigiii. 

Patio PCI. : 3AgCl. 

1 

Atomic Weight. 

0-424509 ■ 

0-424506 

31-017 

31-OlG 

^ 0-319509 

31-022 


The average atomic weight is given as 3i*()3S. The investigators 
remark : 'Hf the trichloride actually contadned a trace of penta- 
cldoride it would account for the fact that the average result of this 
research, is very slightly lower than that of the tribromidc work.’’ 

General Conclusions. — The three main determinations of the 
atomic weight of phosphorus with their results arc — 


From 

Atomic weight . 


AgoPO, 

31 -Of 


Pi^r3 I PLI3 

3]-()2T 31-018 


^ Baxter and Hoore, /. Amcr. Cliem. Soc., Pjl2, 34 , 1644. 
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In the fixing of standard atomic weights the results obtained from 
PBr 3 have been preferred for reasons that will ])c evident from the 
data already adduced. Although these results appear to be the least 
affected b\'^ systematic errors, nevertlielcss tliey in\'olve sueli errors, 
and it seems hardh- justifiable as yet to trust tlie results as far as 
units in the fifth signineant figure. It may. hovrex'er, be asserted with 
the greatest confidence that the atomic weight is known to be — 


31*03 aO-01 


Thus there is no doubt that all chemical determinations concur in 
assigning to phosphorus an atomic weight slightly greater than 31*00. 
Nevertheless phosphorus, when analysed by the method of mass 
spectra, has hitherto proved to be a pure clement ; no isotopes are 
]:)resent to account for tlic de])arture from the rule of wdiole numbers. 
There are two possible explanations — 

(1) The whole number rule is not, and never wars su])posed to be, 
mathematically exact, for this would imply an identical packing effect 
in the case of all atoms, an exceedingly improbable supposition.'' ^ 

(2) It is possible that an isotope accompanying P=81'0() in small 
amount has not yet been detected, as in the ease of sulphur (S =82*06), 
the spectrograph of wdiicli shows two faint lines at 38 and 8-1, originally 
ascribed to hydrides, but afterwards shown to be due to isotopes of 
higher atomic w'cight,- Opinions founded on later Avork, howcAmr, 
have been less favourable to this hypothesis, and sligbt deviations from 
the whole number rule (on the oxygen scale) are now rec-ognised in tlie 
case of ‘‘ pure elements, as appears from the (paotatio]'! belowd 

The purely chemical evidence as to tlie atomic weight of pliosiihoiais 
is sup]Alemcntcd by that dcri\-cd from mass Sjiectra.’^ 

“ Ever since the discovery of the Avhole number rule it lias been 
assumed that in the structure of atoms only two entities arc ultimately 
concerned, the proton and the electron. If the additive law of mass 
Avas as true Avhen an atomic nucleus is built of iirotons idiis electrons 
as Avhen a neutral atom is built of nucleus ])his electrons, or a molecule 
of atoms ]ilus atoms, the di\'ergences fi'om the Avliole nundier rule 
Avould be too small to be significant, and, since a neutral hydrogen atom 
is one proton jilus one electron, the masses of all atoms avouIcI be whole 
numbers on the scale II ^1. The measurements made Avitli tlie first 
mass-S]iectrograph Avere sudiciently accurate to shoAv that this was not 
true. The theoretical reason adduced for this failure of the additiA’c 
law is that, inside the nucleus, tlie jirotons and electrons arc jiaeked 
so closely togctlier that their electromagnetic helds interfere and a 
certain fraction of the comliined mass is destroyed, wliereas outside the 
nucleus the distances betAveen the cliarges arc too great for this to 
happen. The most coin'cnient and informatiA'c ex]ircssion for the 
divergences of an atom from the Avdiolc number rule is the actual 
divergence cliA'idcd by its mass number. This is tlie mean gain or 
loss per proton Avhen the iruclcar iiaeki ng is changed from that of 
oxygen to that of the atom in question. It Avill be called tlic ‘ packing 
fraction ’ of the atom and ex]U'essed in parts per 10, 000. Put in 

^ Aston, " fsofopes,'' cliap. viii., nar. 9(5 IT., Ai’iiold, 192.3; VJul. 1920, [(51, 40 , 

C2S: 1925, [(5J, 49 , 1191. 

" Aston, Nature,, 1920, 117 , S93. 


Aston, Proc, Pop. Soc., 1927, A, 115 , 487. 
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another way, if we suppose the whole numbers and the masses of the 
atoms to be’ plotted on a uniform logarithmic scale such that every 
decimetre equals a change of 1 per cent., then the packing fractions 
are the distances expressed in millimetres between the masses and the 

whole numbei’s. t . 

‘'Phosphorus . — The element was introduced m the torm of phosphine, 
which gives the lines P, PH, PHo, PPl3- K plenty of carbon monoxide 
is present its line will be practically unaffected by the presence of small 
quantities of Si-®, inevitably present and of mass so far unknown. 
So that the series CO : P : PHg can be employed to give values for 
phosphorus. . . . From the known values of FI, C and O and the sum 
of the two intervals the ‘packing fraction’ of P can be calculated. 
The mean of six consistent values corresponds to a packing fraction 
-5-6 and therefore a mass 30-9825. No mass-spectrum has given the 
slightest reason for supposing that phosphorus is complex, so that it 
seems probable that the chemical atomic weight of 31-02 is too high.” 

The method of limiting densities when applied to phosphine also 
gives a lower result for the atomic w'eight of phosphorus. Phosphine 
w'as prepared from phosphonium iodide by means of potassium 
hydroxide, and w^as fractionated. The densities w'ere investigated at 
pressures of 1 dowm to 0-25 atmosphere. Assuming a linear relation 
between pv and pressure, {pv\l{pv\ is calculated to be 1-0091. If the 
normal litre of oxygen weighs 1-4290 gram and the coefficient of devia- 
tion from Boyle’s law per atmosphere is -0*00096, then PH 3 = 34-000 
and P =30-977.^ 

1 Ritchie, Froc. Hoy. Sue., 1930, A, 128 , 551; '''' First Report of the Co'nirnittee on Aloinic 
Weightsp J. Che/ii. Soc., 1931, 1617. 


CHAPTER IV. 


PHOSPHORUS IN COMBINATION. 


Physical Properties. 

The volume which is occupied by the atom of phosphorus when it is 
combined with one or two other elements to form liquid compounds 
has been deduced from the molar volumes of such compounds on the 
assumption that the other elements possess constant and characteristic 
atomic volumes in these compounds. Thus, from the molar volumes of 
PCI 3 and PBr 3 at their boiling-points Kopp ^ assigned to phosphorus 
the atomic volume 25*2. The exact determinations by Thorpe - of the 
densities and coeflicients of expansion of PCI 3 . PBr 3 , POCI 3 , PSCI 3 , 
POBrCU and PClo(OC 2 H 5 ) gave values for the atomic volume of 
phosphorus which ranged between 24-0 and 26T, the mean being about 
25-3. The value derived from the density of liquid PI-I 3 (g.u.), using 
Kopp's value for hydrogen, is 29T. These variations do not depend 
on experimental errors, nor, in the comparison of such compounds as 
PCI 3 and PBi’y, can they be ascribed to differences in constitution. 
It has been suggested that the differences between the molar 's^olumes 
of the liquid compounds at their boiling-points (or other temperafures 
at which the vapour pressures are equal) and the sums of the atomic 
volumes of the liquid elements at the same vapour pressures are also 
some function of the affinities which come into play during the com- 
binations.^ The volumes measured at the respective boiling-points 
are: — Cl, 22’76 ; Br, 26*8;- P, 20*5; therefore P-3C1=8S'8 and 
PA 3 Br = I00-9. According to Thorpe also PCI 3 =03*34 - and PBig 
= 108*8.“ The combination with chlorine under conditions of equal 
vapour pressure is accompanied by an expansion of 4*5 units, and that 
with bromine by 7*9 units, in excess of the values which would obtain 
if Kopp’s additive law held good. The comparison has been extended 
to the oxyhalides - and the pentahalides ^ with the result that the 
changes of volume on combination were found to be different in each 
case. 

In attempting to determine the structure of such compounds as 
POCI3 the molar volume of the compound at its boiling-point maw be 
diminished by that of PCh,- leaving 7*8, which is Kopp's value for 
oxygen linked to two elements, and leads to a formula CL, =P -O - Cl. 
If, however, the molar volume of POCL is diminished by the atomic 
volumes of P and 3C1, the remainder, 12 * 2 , is the atomic volume of 

^ Kopp, Annalcn, ISoG, 100, 14. 

- Thorpe, Trans. Chain. Soc., ISSO, 37, 37S. 

^ TTideaux, Tians. Charn. Soc., 1906, 91, 1711; 1909, 95, 445; 1910, 97, 2032. 

Prideanx, Trans. Chan. Soc., 1906, 91 , 1711. 
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doubly-linked oxygen, ^vhich leads to a formula Cl 3^= P = O.i The 
present views on\xilcney, as developed, e.g., in this Volume, Part I., 
])iit the whole matter in rather a difieicnt light. 

It is improbable that phosphorus is trivalent in POCI3, and further, 
in siieh eompounds it is excreising its maximum valency. Since the 
atomi(‘ \'olume calculated on the assumption of a double bond between 
the phosphorus and the oxygen agrees most closely with the atomic 
volume of elementary phosphorus, it is probable that in the liquid 
element as well as in POCI3 phosphorus is exercising this maximum 
valency, which includes mixed bonds,'' thus 

P =P 

I b 

V i 

P eeP 

See also the discussion on the structure of P^Og (p. 128). 

The Volume of Phosphorus in Liquid Compounds under 
Conditions of Maximum Contraction. — The volumes which liquid 
compounds would occupy if they remained in this state at temperatures 
not far removed from the absolute zero represent the closest packing 
possible at ordinary external pressure and under the influence of the 
internal or intrinsic pressure alone of non-oriented molecules, i.e, 
those which are not arranged in a s])aee-lattiee. These volumes can be 
obtained by shorter or longer extrapolations from the actual observed 
liquid volumes. 

The formula of Cailletct and Mathias 2 gives the mean isobaric 
densities of a liquid and its saturated vapour as a rectilinear function 
of the temperature. Thus 

2 ~ 2 

in which the meaning of the symbols is obvious, and Z)q/ 2 is half the 
limiting density at the absolute zero obtained by the extrapolation. 

The specific volumes c,, (=17 )q) arc found in the ease of many 
liquids to have a mean value equal to ()-2G of z',. (the critical volume),^ 
while aecording to van der Waals’ equation ^ they should be eqiml to 
0*83 of Or (a,. =3/;). In cither case the volumes Vq at maximum con- 
traction arc corres})onding volumes and shoidd tliereforc he additi\'cly 
related to those of the constituent elements. It has been shown that 
the most closely additive relations arc obtained if the limiting volumes 
are calculated by the equation 

T\0.3 

7V-/?v = ZUl->?rl 

\ I , 

From the differences in molar volumes vVq (or M^Dq) of homo- 
logous series, etc., the atomic volumes of each element are cal- 

^ Eanisay and Masson, Trott^. Cham. Soc., 1881, 39, 52. 

- Cailletet and ^rathia.-, ComjA. rend., 1886, 102, 1202; ibid., 1887, 104, 1563. 

^ Berthelot, D., Arch. Xeerlandyfinc-s, 1900, [2], 5, 446. 

See this Series, Vol. I,, and ‘d4 Text-book of Fhy,sical Ckc/nistry,''' Vol. I., J. Xewton 
Friend (Griffin), 1932. 

^ Sugden, Trans. Chem. Soc., 1927, 1780. 
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cailated in the usual way. The value assigned to phosphorus is 12*7. 
The atomic volumes are added together to give 'ExVoy and tlie sums are 
eomparcd with the molar volumes found, Vq. 

MOLAR VOLUMES OF PHOSPHORUS COMPOUNDS 
AT ABSOLUTE ZERO. 


Compound. 

! 

1 i 

! Pormula. 

iiFo. 

HaFo. Observer. 

! 

! Phosphorus trichloride 

PCI, 

69*6 

70*6 Thorpe.^ 

,, tribroinide 

: PBn, 

78*6 

79-0 Sugden, Reed and Wilkins.- 

,, oxychloride 

■ POCI3 

73*4 

75-6 ,, ,, ,, 

Triethyl phosphate 

PO(0£t)3 

140*5 

139*8 

TTiphenyi phosphate . 

PO(OPh)3 , 

230*2 1 

226*8 

,, phosphine . 

PPh3 i 

206*4 

206*8 ! Walden and Swinne.^ 


Further information on the structure of phosphorus compounds is 
given by the parachor, which is a function of surface tension and 
molar volume, the molar volumes in effect being compared under 
conditions of equal surface tension.^ For a given liquid the expression 

a-1 

Dt-Dy 

is independent of the temperature.^ The molar parachor 

Mai 

Bt-2)y 

is found to be additivcly composed of terms due to each of the atoms 
(which may be called the atomic parachors) plus terms due to double 
or triple linkages, and to various types of C 3 mlic structures. The mean 
parachor of phosphorus as calculated from some binar\^ compounds, 
such as PClo, etc., is 37*3 (36*1 to 38*9). In another system it is 40*5.^ 


PCI3. PJBiV P(C,H3)3. 


Pm .... 199*0 " 242*9 - G07-7 ^ 

201*1 s 

SPa (without phosphorus) 162*9 204*0 570*0 


The parachors of phosphorus and the other atoms were summed 
and compared also with the molar values of POCl., etc. (p. 54). A 
different series of atomic parachors has also been proposed.^ 

^ Thorpe, Trans. Cheni. Sue., 1880, 37, ill, 386. 

- Sugden, Reed and Wilkins, Trans. Chern. Soc., 1925, 127, 1525. 

^ Walden and Swinne, Zeitsck. 2 Ttysikal. Cheni., 1912, 79, 700. 

Macleod, Trans. Far. Soc., 1923, 19, 38: Sugden, Trans. Cheni. Soc., 1924, 125, 1177. 
I)L = density of liquid, 70v = isobaric density of vapour, o'^surface tension. 

® Mumford and Phillips, Trans. Clitm. Soc., 1928, 155,* 1929, 2112. 

‘ Morgan and Diighlien, J. Amer. Chern. Soc., 1913, 33, 657. 

“ Ramsay and Shields, Trans. Chern. Soc., 1893, 63, 1089. 
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FOCI,. PO(OC,H0,. ; P0(0C,H3)3. 


n.M 

\ \ 

2T7-G ^ i 

399-13 

686-5 3 

220-6 ! 

403-0 ' 

CO 

A 

Pm-'T.Pk . 

-3-0 ! 

! 

-3-9 ! 

i 

-1-2 j 


Tlie (lificrenccs liave the sio'u and magnitude which is associated with 
a ‘‘ mixed bond, and this confirms the structure assigned on p. 52. 
Tlic etind ester of jdienylniethylphosphinic acid had a parachor of 420-5 ; 
that calculated on the assumption of an ordinary double bond was 
442-1, while on tlic assumption of a mixed or semipolar bond it 
was 417-3. The structure was therefore given as 

(CH3)(C,Il5)(CoH,0)-P >0 3 

The atomic refraction shows considerable variability with coii’ 
stitutive iniluenccs, whether it is determined by Gladstone’s formula 


or by Lorentz and Lorenz’s formula 


Afl = 




(Xofe. — atomic weight, ro =rcfractivity according to Gladstone’s 
formula, n. =refractivity according to Lorentz and Lorenz’s formula.) 
The atomic refraction Ar,^ of the element is 18-68 (solid), 18-89 (liquid),^ 
or 18-69 (mean of solid and liquid),^ while the value Atl was 9-10 (mean 
of solid and liquid).^ 

The following values have been calculated from the molar refr ac- 
tivities of the principal liquid (or gaseous) compounds : — ^ 


j ■ PH3 (liquid). PH3 (gaseous). 


PCI3. ^ 

PCI5. 

PBiq. 

' PjOo. 

POCL. 

! i 13-75 ^ 13-75 

17-24 

14-89 

16-65 

20-01 

9-71 

8-92 

’ 9-10 8-63 

9-47 

8-32 

S-Sl 

9-72 

5-33 

4-92 


Atomic rcfractivities of phosphorus in its compounds arc calculated 
as the dilference between the molar rcfractivities and the sums of the 
rcfractivities of the other atoms. They vary according to the structure 
assigned, namely, whether oxygen is to be considered as singly- or 
doubly-linked. iMolar rcfractivities appear to be affected by con- 

^ Ramsay and Shields, Trans. Chern. Soc., 1893, 63, 1089. 

- Sugden, Reed and Wilkins, T rans. Chern. Sac., 1925, 127, 1525. 

^ Gibson and Johnson, Trans. Cliem. Soc., 1928, 92. 

^ Gladstone, Cheni. Seics, 1887, 55, 300. 

^ Damien, "Reck, sur le jjovvoir refringent des liquides,'' Paris, 1881. 

Zeceliini, Zeiisek. physikaJ. Chern., 1893, 12, 505; Gazzetla, 1893, 23, i., 97. See also 
Kanonikoii, J. prakt. Chtni., 1885, [2], 31, 359; Haagen, Annaltn, 1867, 131, 117. 
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stitutive influences to about the same extent as molar volumes at the 
l)oilino--])oints, Ihn since the ratios of Thi to M/n for all the compounds 
considered ramge iDctwecn 4*77 and 5-01, mean 4-9H 

When the refraetivities of gaseous compounds are calculated to 
standard conditions, the values of - 1 or {n are often found to 

be nearly additivciy composed of those of their components, that is 
{n - 1)10^ is nearly ec|ual to S(?za - 1)10A The following table enables 
this comparison to be made betw'een observed and calculated refrac- 
tivities.- The property is only approximately additive, the deviations 
from this relation being great in some cases.^* '^ 

REFRACTIVITIES OF PHOSPHORUS COMPOUNDS 
AND THOSE OF THEIR ELEMENTS. 


Com- 

pound. 

Refracti\ 

Gas. 

e Index 

). 

Liquid. 

Cal- 

■ culated 
: for Gas 

from 

■ Lorentz 

1 and 

1 Lorenz's 
: Formula. 

Re- 
fract ivitv 
{n -l)10l 

Refraetivities of 
Components, 
P=599. 

Sum. 

Differ- 

ence 

per cent. 
Columns 
(5) and 

{-)■ 

PH, 

j 

I'OOOTSG 1 



786 ^ 

! 599-^(3x694) 

' 807-5 

-2-7 

pci; ; 

1-001730 ' 


i 

1730 i 

599 -r (3 X 384) 

1751 

-1-2 

PBr, 


1 -6866 

‘ 1-002450 ; 

2450 1 

! 599 -f- (3 X 562-5) 

2286-5 

-7-1 

: P.S 


2-06()l 

; 1 -003025 • 

3025 ; 

i (4 X 599) 551 

2947 

1 

; PA), 


i-5405 

' 1-001725 ' 

1725 

' (2 x599)^(3x135) 

1603 ! 

4-7-7 

P0CI3 


1-4602 

: i-001715 , 

1715 

; 599^135^(3 x384) 

1886 

-9-1 

^ PSCi, 


1 -57547 

i 1 -002281 : 

2281 

599 -r (3 X 384) 551 

2302 

! -0-9 


Stereochemistry. — Compounds of the type POX 3 may, as already 
pointed out, have one or other of tw'o constitutions (sec p. 52) or 
may exist in tautomeric equilibrium, but if the halogens X are replaced 
by hydrocarbon or other organic radicals R, the compound will be 
fixed in one or other of the two isomeric forms. This isomerism has 
been well established in the case of the compounds having the empirical 
formula OP(C^H 5 ) 3 p One of these, phenoxydiphenylphospliine, is an 
oily liquid, prepared by the condensation of phenol with dipheimd- 
chlorophosphine : — 

C^H^OH + (CeH5),PCl = (C,H5),P.OCelC - HCl 

The other, triphenylphosphine oxide, is a solid melting at 153-5° C., 
and is prepared by the action of water on triphenylbromophosphine 
bromide : — 

H,0 - (C„H5)3PBro = (CJC)3PO - ^IlBr 


^ Arbuzov and Ivanov, J. liuss. Phys, Cliem. Soc., 1915, 47, 2015; A, 1925, ii., 165. 

- Cuthbertson, 0. and Si., Phil. Tians., 1905, 204, A, 323. 

^ Cuthbertson and hletcalfe, Phil. Trans., 190S, 207, A, 135; Proc. Roy. Soc., 190S, 
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That the tlirec ordinaiy vaicncies of pliosi^horus in compounds of 
the type FOX,, or POR3 do not act in one plane, but are distributed 
in s])aee synunkrieally with respect to one another, was demonstrated 
bv Ca\c-n/ who replaced ehloniie atoms in the trichloride one at a 
tinie but in different succession by various groups such as llXIi^ or 

RO ^ forming, for example, the anilino-, p-toluidino- and then the 

p-toluidino-anilino chloride. 

Xo signs of isomerism were detected in the mono-, di- or tri-sub- 
stitution products. It was therefore stated that the centres of gravity 
of tlie three chlorine atoms lie at the angles of an equilateral triangle, 
and if an imaginary line is drawn through the centre of this triangle 
and at right angles to its plane, the centres of gravity both of the 
phosphorus atom and of the oxygen atom are situated on this line.'’ 

On account of the theories of valency alluded to before (p. 52 ),- 
compounds of the types [Pll^JX and [OPRo] are of the same stereo- 
chemical type, and contain an atom of phosphorus co-ordinated to 
four atoms or groups which arc symmetrically disposed in space. When 
tlie groups denoted by 11 are different, the resulting compounds 
PR1R0R3R4X and POR1R2R3 should be capable of existing in optically 
acth^e forms. 

The first preparation of the type PII3R2R3R4X could not be 
resolved,^ nor could an anilino-p-toluidinophosphoric acid ^ be resolved 
into optically active isomers by fractional crystallisation with active 
bases. The first compound which was proved to contain an asym- 
metric phosphorus atom was phenyl-p-tolylphosphoric acid, the 
c//-hydrindamine of which — 

/OC3H. 

0 =P(- 0 C,H, 

\XHC,H, 

was found to be a mixture of two compounds having different melting- 
points. The d- and Miydrindamines wlien separately prcjmred each 
yielded on fractional crystallisation a less soluble fraction of lower 
hevo-rotatory power and a more soluble fraction of higher Irevo-rotatory 
power, thus showing a resolution of the acid.'^ 

The compound methylethylphenydphosphine oxide . 

/CII. 

also contains an asymmetric phosphorus atom.^ It was prepared by 
combining ethyldiphenylphosphinc with methyl iodide, setting the 
base free with silver oxide and boiling with water : — 

(CcH 5)2(C2H5)(CH3)POH -r (C,l-l3)(C2H3)(Cn3)PO 

This compound, which could be distilled without decomposition, was 
combined with the calculated amount of d-bromocanqiliorsulphonic 

1 Caven, Truus, Cheui. Soc., 1902, 81 , 1362. 

- See also tart 1. of this Volume. 

^ Viichaclis, Annalen, 1901, 315 , 3S. 

J Kipping and Lurf, Trans. Chern. Soc., 1909, 95 , 1993. 

iileisenhcimer and Liehienstadt, Ber., 1911, 44 , 356. See also Itadclili'e and Brindlev, 
J. Toe. Chfni. lad., 1923, 42 , 64. 
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acid and the product crystallised iVoni ethyl acetate. The recrystal- 
lised ])roduct had a molecular rotation, d/:,, ot -321^, Avhile that of 
l)romoccmu)hori(; acid and its sedits witli iiiacti\’c substances was -f 48°. 
On passing ammonia into a solution of th(.‘ cam])horsul]dionate in 
ben/.enc, the ammonium salt was quantitatively precipitated, and the 
solution on e\'aporation gave colourless crystals of the methylcthyl- 
phenyl]Dhosphine oxide, which had a molecular rotation, J/d, of +39° 
in water and +57° in benzene. 

Further evidence as to structure in space is derived from an examina- 
tion of the electric moments due to the dipoles of some compounds. 

The Dipole Moment of Phosphine. — Molecules which are not 
polar in the sense of being strong acids, bases or salts, may yet sliow 
an inner polarity vdien investigated by certain physical methods. 
The use of the dielectric constant and the refractivity in calculating 
the polarisation of molecules is described in certain monographs and 
text-books, e.g. “ The Dipole Moment and Chemical Structured Dcbye- 
Deans (Blackie), 1931 ; Decent ^hrcances in Physical Chemislrijd 
Glasstone (Churchill), 1931. 

The total molar polarisation, i.e. that due to 1 gramme-molecule of 
the compound, is gi^'en by the Mosotti-Clausius equation : — 

€ - 1 M 477 M , IttM 11 

€^ 2 ' ~ 3 ■ ' 8 ■ IkT 

in which £ is the dielectric constant, M and D have their usual sig- 
nificance, N is the Avogadro number, and y is the molecular polaris- 
ability due to induced dipoles. We are not concerned at present with 
the first term on the right, v.diich is the distortion polarisation, Pn, 
i.e. that wliich is due to the dipoles which are set up in molecules by 
the applied held of force. The second term is the polarisation due to 
the permanent dipoles existing in the molecules before the field is 
applied. A permanent dipole is ]3rcsent whenever combination with 
partial separation of electric eliarges has taken place in such a way that 
the centre of gravity of ail the positive eliarges does not correspond 
with that of the negative charges. If the distance between the charges 
e is d, then de is the dipole moment of each molecule. Boltzmam+s 
constant k = PIN, in which R is the universal gas constant and N is 
the Avogadro number, i.e. the number of molecules in a gramme- 
molecule. Since all these constants have known values and the 
temperature is known, tlie dipole moment p can be calculated, and on 
certain assuiujitions it gives the configuration of the molecule. The 
following values have been found in the case of the liydrogen com- 
pounds of this group : — 

XH3. RH3. A.sH.>. 

pxlO^^ 1*55 0-55 0-15 

The existence of these permanent dipole moments indicates that the 
hydrogen atoms arc not in the same plane as the tervalent element, 
but that this occupies the apex of a tetrahedron, of which the three 
hydrogen atoms form the corners. Tlie diminution of the moment with 
rise of atomic weight is attributed to a decrease in the height of the 
tetrahedra, and also to the distortion of the octets of electrons on the 
N, P and As atoms by the positive charges on the H atoms. 
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The Representation of Phosphorus Compounds by Electronic 
Theories of Valency. — The compounds in which phosphorus is 
trivalcnt arc saturated in the sense that all the covalent bonds on the 
clement are made up, with the completion of the outer octet of electrons, 
tlie phosphorus atom thus assuming the argon type with three com- 
pleted shells of 2, 8, 8 electrons of which only the outermost are shown 
by the formuhe — ^ 

H Cl 

H ; p H Cl ; p ; ci 

If we admit tlie h3qrothesis “ that the three quantum orbits of the 
second series may contain a maximum of 6, G instead of 4, 4 electrons, 
it follows that PCI5 also, and other quinquevalent compounds, may be 
written with ordinary valencies or duplet bonds only, giving shells 
of 10 G- If, however, 8 is the maximum possible (failing the com- 
pletion of 12), then PCI5 must be constituted either as NH^Cl, or it 
must contribute two electrons to a pair of chlorine atoms, thus de- 
veloping a “ mixed bond.’' In the first case 

" Cl _ 

Cl ; p ; Cl j ■. cv 

L Cl 

would be potentially ionisable, a property winch has been to some 
extent confirmed experimental^ (see p. 90 ).*^ One of the chlorines in 
PCIG is held by a “ mixed boncl.” In the second case 

Cl 

CU P ;) qI or CUspV-~CU 
Cl 

also contains a “ mixed bond,” uniting two chlorine atoms which are 
not connected with one another, and being united in a dilferent manner 
from the other three should be more easily split off and replaced as a 
whole by 0 , e.g. to give POCL. The latter compounds, as well as 
H3PO4 and all others in which phosphorus is said to be quinquevalent, 
can be represented by formulae of similar type,^ The\^, as well as all 
compounds in which non-metals from Group IV onwards shoAv valencies 
higher than the typical hydrogen valency towards other non-metals, 
must be represented as having one or more ‘Tnixed bonds,” and as 
being co-ordination compounds, according to one definition of such 
compounds.^ 

The oxy-acids of phosphorus can be represented by constitutional 


^ See this Volume, Part I., Chapter IT. 

^ Sidgwick, Trans. CJieni. Soc., 1923, 725, 

^ Hofroyd, J. Soc. Chern. hid., 1923, 42, 348. 

^ Prideaux, J. ^oc. Chem. Tad., 1923, 42, 672; Lowry, Phil. Mag., 1923, [6], 45, 
1105. 

^ Prideaux, J. Soc. Ohem. hid., 1925, 44, 25. 
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formulcic in which there are 3 ordinary valencies and a “ mixed 
bond '' (])hosplioric) or 3 ordinary valencies with a tautomeric change 
to 3 ordinary valencies and a “ mixed bond '' (phosphorous and 

hvpo})hosphorous). Thus if POCI3 is represented as CL=P - Q or 

Cl^—P >0, then phosphoric acid is represented as (H 0 ) 3 — P >0. 

The phosphorus probably is the central atom, possessing the co- 
ordination number 4, in all compounds which were considered formerly 
to contain quinquevalent phosphorus. The complete series between 
the quadrivalent hydride and oxide will appear as — 


PHJ 

H 

I 

— P >H I- 

I i 

H I 


OPII 
" II 

i 

H— P 

i 

! H 


H3PO2 H3PO3 H3PO4 



■ H r 

1 1 

11 

1 — 

w- 

r 

? i 

>0 

H~P— 0 H- 

0— P — 0 IL-- 

0— P— 0 


i V 1 

i V 

V i 


L 0 j 

L 0 j 

. 0 J 


Ha 


The corresponding formulae, e.g. for the phosphite ion, as vuitten by 
Lowry, are — 



The phosphites, and possibly the hypophosphites, are also capable of 
existing as tervalent forms which can be fixed as the esters, such as 
P(0Et)3, and according to the evidence of X-rays these forms pre- 
dominate in the solid or liquid compounds, whereas in solution they 
change into the unsymmetrical tautomeric forms. The evidence is 
discussed under that section which is devoted to the acids in question. 


CHAPTER V. 


THE PHOSPHIDES. 

Bixarv compounds of tlie metals and the less eleetronegative non- 
metals with phosphorus are made by methods which recall those 
employed in the preparation of nitrides. The most important of these 
methods may be elassihed as follows : — 

(1) Direct union of the element with phosphorus under various 

conditions. The metal may be heated with red phosphorus in 
an indifferent gas, or the vapour of phosphorus may be passed 
over the heated metal. E}' this means phosphides of the 
alkali metals, of the alkaline earth metals, of many ferrous 
and non-ferrous base metals, as well as of the “ noble ’’ metals 
such as gold and platinum, may be prepared. 

(2) Reduction of phosphates with carbon at a high temperature. 

This method is chiefly applicable to the phosphates of the 
alkaline earth metals. 

(3) The action of phosphine or phosphorus in liquid ammonia upon 

a solution of an alkali metal in liquid ammonia. 

(4) The action of phosphine on aqueous solutions of metallic salts 

or passage over the dry salts. 

(5) Heating the metals in the vapour of phosj^horus trifluoride or 

trichloride. 

Although the metallic phosphides are described under the respective 
metals in the approjuiate Volumes of this Scries, a selection will also 
be brought under review here, since they illustrate the reactivity of 
phosphorus and of phosphine towards elements of the different groups. 

Alkali Phosphides.— Soon after the discovery of the alkali metals 
the direct combinations of these with phosphorus va])our were recorded. 
The combination can also be effected under petroleum, the unchanged 
phosphorus being removed by carbon disulphide.*'^ 

When alkali metals arc brought into contact with red phosphorus 
in liquid ammonia, ammonio-phosphides such as XaP 3.8X1-13 and 
KP5.3XH3 are formed, and can be deprived of their ammonia at 
180"* C., leaving the phosphides as brown solids. In liquid ammonia 
sodium and potassium are also ciipable of displacing one hydrogen 
from phosphine, giving crystalline monophosphidcs (phosphamides), 
XaPHo and KPHo, which decompose on heating giving cvcntuallv 
K3P aiidXa.P.^-^ “ 

1 Davy, Phil Trans., 180S, 98, 333. 

- Gay-Lussac and Thcnard, Rrrh phys. Chliri., ISl], i, 20S. 

" Vigier, Bull Soc. c/um., 1861, [1], 3, 7. 

Hugot, Coinpt. rend., 1S95, 121, 206; 1S98, 126, 1719. 

^ Joannis, Coinpt. rend., 1894, 119, 557. 
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Rubidium and cj-csium phosphides have been made by similar 
methods and by distilling phosphorus in a vaeuum vdth the alkali 
metal. Tlie formuhe are given as RboP^ and CS 0 P 5 : KoPs is also 
known. ^ 

Alkaline Earth Phosphides. — An inpnire ealeium phosphide, 
made by exposing lime at a red heat to the vapour of phosphorus, was 
used in the preparation of phosphine.- C’aleium phos]:)hide probably 
is also formed during the manufacture of phosphorus by the eleetric 
furna(*e method (g.n.). It has "oeen ])repared by heating calcium 
phosphate and lam]) iDlack in the eleetric are furnace, and a])pearcd 
as a crystalline reddish-black substance.^ C'aleium phosphide 
prepared in this manner is only acted upon slowly by water at 
the ordinary temperature, but readily by aqueous solutions of strong 
acids. Concentrated nitric and sulphuric acids, and ox^ggen and 
chlorine, do not attack it at ordinary temperatures, but on heating 
it is oxidised, e.g. by chlorine above lOO"^ C. and by oxygen above 
300° C. ' 

Strontium and barium phosphides have been prepared by similar 
methods.'^ 

[Magnesium phosphide was first obtained from the metal and organic 
substances containing phos])liorus,^ but is best prepared by heating 
the metal in phosphorus vapour or with red phosphorus in an atmosphere 
of hydrogen.®’ 

Phosphides of the alkali and alkaline earth metals are decomposed 
by water or dilute acids, giving the hydroxides or salts of the metals 
respectively, together vdth ])hosphine and other “ hydro-phosphors.” 
They are only slightly affected by oxidising agents such as con- 
centrated nitric acid. They burn when heated slightly below a 
red heat in oxygen. They arc also attacked b}^ the halogens when 
heated. 

Copper, Silver and Gold Phosphides. — The copper phosphides 
are crystalline compounds of metallic appearance and properties which 
are usually prepared by direct union of the elements.'^ Phosphorus 
begins to combine with copper at about 4-()()° C., and at 700° C. the 
co])per was found to take up 20 per cent.,-' some of which was expelled 
at liigher temperatures. Slightly above the melting-point of the 
])hos])]ride per cent, was retained, which corresponds to tri-cuprous 
pliosphide, CugP.^ The velocity of the combination increases between 
600° and 700° At ordinary ])ressures 15 per cent, of phosphorus is 

the limit of the amount which will remain dissolved in the fused 
mixture, and some of this is present as red phosphorus. 

^ Bossuet and Hackspili, Conipt. rend., 1913, 157, 721; 1912, 154, 209. 

- Dumas, Thenard, loc, cit., under " Phosphiiic ; Rose, Annafcn, 1S2S, 12, 5±3. 

3 Renault, Compt. leud., 1899, 128, SS3; lloissan, ihid., 128, 7S7. 

^ Ja])oin, Conipt. rend., 1899, 129, 765. 

^ Bunsen, AnnoJen, 1866, 138, 292; 8ch(3nn, Zeit'tch. (innh Chein., 1869, 8, 53. 

Blunt, Trans. Cheni. Soc., 1865, 18, 106; Parkinson, ibid., 1867, 20, 309. 

' Gautier, Cotnpt. rend., 1899, 128, 1167. 

® Pellet lor, A nn. Cdiirn. Plujs., 1789, [1], i, 03; Grander, " (Jonfrtbuiion d reh/.de 
f/e.s' pliospliin e.-i rncfall ir/ue.^!," Pans, 1898; Lupke, Zciisch. phijs. CJieni. U ntirrieJn, 1890, 3, 
282. 

Devil and Bauer, Zridscli. nnonj. Chim., 1907, 52, 129. 

Edwards and .Murphy, J. Tnsl. Metals, 1922, 22. 183. 

Duntingdon and Desch, Tran?. Far. Soc., 1908, 4, 51; Tucker, J. Soc. CJiem. hid.. 
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Cii P is a crystalline steel-grey or silvery-white substance which is 
harde/than wrought iron. The melting-point is about 1018 ^ C. and 
is' lowered by additions of copper, as that of pure copper is by small 
additions of ^phosphorus ; the CU-CU3P freezing-point curves meet at 
a eutectic which corresponds to 8-2 per cent, of phosphorus with a 
freezing-point of 707 ^ 

The toughness and resistance to corrosion of the phosphor-bronzes 
are due to the presence of solid solutions of the phosphides in copper. 

CugP was also prepared by the action of phosphine on ammoniacal 
cuprous oxide and on the metal at about 200° C.^ and on cuprous 
chloride.^ CU5P2 was made by the action of PFg or PCI3 on copper 
at a red heat/'' also by the action of phosphine on cupric hydroxide or 
carbonate," and red pliosphorus on cupric nitrate.^ When heated to a 
red heat it gave CugP and Cu. CiuPo is said to be formed by the 
action of phosphine on eupric chloride. When yellow phosphorus was 
boiled with cupric sulphate and the precipitate washed and treated 
with acid dichromate the residue had this composition.^ The higher 
phosphides, of Avhich CuP and CuPo have been reported, are powders 
of unceitain composition, easily oxidised by nitric acid or by heating 
in oxygen.^' ^ 

Other phosphides which have been prepared by direct combination, 
or bv reaction in solution, are — CU5P9/ CiuP/ CugP.?,^’^^ CuP,^’ 

CuP> 

Silver phosphides, AgP, AgoPa and AgPo, were said to be produced by 
heating the elements together, or by passing phosphorus vapour over 
heated silver.'^’ Holten silver absorbs phosphorus freely, but rejects 
most if not nearly all on solidification.^'^’ Silver phosphides have also 
been prepared by other reactions, and it is noteworthy that the action 
of phosphine on silver nitrate gives a compound, AgaP.SAgXO.^,^^’ ' 
analogous to ^hat which is first formed in the well-known test for 
arsine.^® 

Gold, like silver, when in the molten state dissolves phosphorus 
and rejects it on solidification.^^ A phosphide AuP has been prepared 
by passing a mixture of dry phosphine and ether vapour into an ether 
solution of gold chloride. The phos])horus is only loosely combined 
and is given off when the compound is warmed. Such phosphides 

^ Heyn and Bauer, Joe. cit.i Iliorns, J. Soc. Chon, hid., 1006, 25 , 622. 

- Rubenovitch, Compt. rend., ISOS, 127 , 271. 

^ Kulisch, Annalcn, ISSb, 231 , 2-12. 

Granger, Corn pi. rend., 1807, 124 , 806. 

^ Senderens, Compt. rend., 1887, 104 , 177. 

® Bottger, Met. Bev., 1878, 2 , 456. 

" Abel, Trans. Cliern. Soc., 1865, 18 , 249. 

^ Katz, Arch. BJiarm.., 1904, 242 , 129. 

^ Christomanos, Zeitsch. anorg. Chon., 1904, 41 , 309. 

Rose, AnJialen, 1832, 24 , 321. 

Emmerling, Ber., 1879, 12 , 152. 

Hmitingdon and De.sch, Trans. Far. Soc., 1908, 4 , 51 ; Tucker, ,7. Soc. Chon, hid., 
1906, 25 , 622. 

Sclirotter, Siizimgsber. Iv. Alcad. lF/.?.§. Wien, 1849, 3 , 301. 

Pplletier, Ann. Chira. Phys., 1792, [ 1 ], 13 , 109. 

Percy, ''Silver and Gold,'" London, 1880, i, 137. 

Poleck and Tkummel, Ber., 1883, 16 , 2435. 

Vitali, VOrosi, 1892, 15 , 397; ibid., 1893, 16 , 10. 

Hautefeinlle and Perrey, Compt. rend., 1884, 98 , 1378. 

Cavazzi, Gazzetta, 1884", 15 , 40. 
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behave like free phosphorus ; they burn in the air, are oxidised by 
nitric acid, etc., and hydrolysed by water and alkalies. 

Zinc Group. — Zinc phos]diides have been made chiefiy by reactions 
(1) and (2) (p. GO). Molten zinc unites readily with phosphorus.^ 
A compound Zn3P2 was prepared b\^ the action of phosphorus vapour 
on zinc dust : “ the zinc oxide present was reduced and also gave 
phosphide.''^ The phosphide was a grey, well- crystallised substance 
which did not mix with molten zinc. It was sublimable in hydrogen 
over 1000^ C. and when heated in the air oxidised to zinc phosphate.^ 
It was not attacked by water, but acids gave phos])hine and zinc salts. ^ 
The hydrophosphidc, obtained by the action of })hosphinc on zinc 
ethidc in ether cooled with ice and salt, is much less stable. It is a 
white powder which is at once decomposed by cold water giving 
phosphine and zinc hydroxide.^ 

Cadmium phosphides have been obtained by direct union, as well 
as by the action of phosphine on ammoniacal cadmium sul])hate.® 

Mercury forms several phosphides, i,e. HgsP, H S' 3^ 2’ HgoP 4 , which 
have been described as resulting from the action of phosphiiie in 
aqueous solution on mercurous or mercuric salts. These products 
were easily oxidised by air, halogens and aqua regia. 

Boron is hardly affected by phosjDhorus even at high temperatures, 
but there are indications of a reaction when BPO^ is heated with 
sodium.^- A phosphoiodide BPIo or BPI is made by heating BI3 
with phosphorus, or by bringing the same substances together in CSo 
solution. Wlien the phosphoiodide was heated to 500° C. in hydrogen, 
BP was left as a maroon-coloured powder, which was not affected by 
water or mineral acids up to 100° C., but was hydrolysed by boiling 
alkalies or by superheated steam, giving borates or boric acid respec- 
tively and phosphine.^^ It was violently oxidised by nitric acid and 
burned in oxygen. When heated at 200° C. in a current of ammonia 
the phosphorus was displaced by nitrogen and the very stable boron 
nitride, EX, was formed. 

Aluminium Phosphide was made by a reaction between red 
phosphorus and aluminium powderP^’ It formed yellow crystals. 
These materials when heated in an electric furnace yielded AUP and 
AlP, which were crystalline substances of a metallic appearance. 
Ah^P^ was obtained when phosphorus and aluminium were heated to 
a white heat in a current of hydrogen. 

Titanium Group. — The phosphides of the elements of Group IV A 

^ Pelletier, loc. cit.; Le-vris, Clieu}. 1902, 87, 21 i. 

“ 8ebr(3tter, Sitzunijsber. K. Akad. IP/bv. Wien, 1849, 3, 301. 

^ Renault, Conqjt. rend,., 1873, 76, 283. 

Jolibois, Co'nipL redd., 1908, 147, 801. 

^ Lupke, loc. cit. 

Sabatier, Compt. rend., 1896, 123, 256. 

' Emmerling, Be.r., 1879, 12, 152. 

® Kulisch, A/idalen, 1885, 231, 347: J3rukl, Zeii^ch. anorg. Chon., 1922, 125, 252. 

^ Brukl, Zetlnch. anorg. Chon.., 1922, 125. 252. 

Chri.st(unanos, ZoCch. anoig. Chon., 1905, 45, 140. 

IMoissan, Ann. Chim. Phyn., 1895, [7], 6, 296; Besson, Conipt. rend., 1890, no, 
SO, 516; ibid., 1801, 113, 78. 

Vogel, Report. Pharm., 1870, 18, 61 1. 

Bonzes-Diacon, Cornpt. rend., 1900, 130, 1315. 

-Matignon, Compt. rend., 1900, 130, 1393. 
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h-dvc ill nivost cases Ix'cn ]irc])ared, althoiioR tlicir compositions have 
not been cstahlislicd vdtii certainty. A metliod wliich seems to succeed 
ill cases ivlierc otlicrs fad! is tlic double decomposition of phosphine with 
tin* eluorides (Woliler's reaction), i.c. ivith those of silicon, titanium 
i\ud zirconium. This metliod was not succcssiul, howeimr, with 

The ])iu)sj)]u’(lcs of titanium and zirconium to which w'cre assigned 
tlic fornuihc TiP and ZrPo arc described as yellow or grey crystalline 
substances, wliicli coiKhud electricity. They burned when heated in 
air, but were not affected by acpieous acids or aqueous oxidising agents. 
Thorium ])hos])hide lias been made by reducing ThC'l^ with phosphorus 
\'a])our. 

Tin Phosphides. — Several wcll-dermcd phosjihidcs of tin have 
liccn made by the dry methods. The early rvork “ was of a qualitative 
nature. Piios]3hidcs of tin may be made by heating mctaphos- 
])lioric acid or a phosphate and silica with carbon and tin or stannic 
oxide. 

When ])lios})horus and tin are melted together in a sealed tube, two 
Ii(piid layers are formed, and the maximum amount of ])hosphorus taken 
u]) by the tin is 8 ]ier eent.,-‘ vrliile l)y heating tin and phosphorus in a 
scaled tube at 020" C'. for 10 lioiirs grey crystals were obtained wdiich 
contained 40 per cent, of ])]ios])horus and which after puiification by 
iiydrochloric acid, alkali and nitric acid had the composition Snp 3 .''' 
The density was 4*1 at 0° C. Alloys of tin with about 13 per cent, of 
])]ios])honis contained Sn^P.^p’^ wliieh had a density of 5TS and was 
attacked by acpicous acids. 

Commercial ])hos])hor-tin may contain up to 10 per cent, of 
])hosphorus as }diosphides, the crystals of which arc re\'ealcd by etch- 
ing with dilute nitric acid. Phosphor-tin is much used for making 
phosphor-bronzes." 

The action of phosphine on tin salts also gives phosphide.® 

Lead Phosphides. — Phosphorus is only slightly soluble in molten 
lead (about 1*5 per eent.).^ Jlost of that which is dissolved is thrown 
out as violet phosphorus (qre.) when the lead solidifies, hut some 
crystals of a ])hosphide are also formed. Precipitates are obtained 
by passing phosphine over lead acetate or into alkaline or ammoniaeal 
alcoholic lead iicetate solutions, consisting of unstable phosphides,^-’ 
such as PboPo, wdiich is decomposed by acids wdth evolution of 
})hospliine. 

Arsenic Phosphides, browm substances of indchnite character, 
were obtained early in the nineteenth century by various methods 

^ Geweeke, A/r/iaJcji, I90S, 361, 79. 

- IVlIetier, Sclirotter, Emmedinc, loc. cit., and others. 

Xatanson and A ortmann, Bull. Soc. cJni/i., 1877, 10, 1459; 5>rellmanii, Gcnnan 
Patiiti, I8S7, dal 75; Seyboth, ibid., 1899, 106966. 

A’ivian, J. hiA. Metals, 1920, 23, 32"). 

'' Jolibois, ('ouipf. read., lOOil, 148, 636. 

Stead, J. Soc. Chou. J ad., 1S97, 16, 206. 

‘ Xur^ey, Chnn. Z(if., 1885, 9, 641. 

V. Grotiliiis, Ana. Chin?. 1807, [1], 64, 19. 

^ Pelletier, loc. cit. See also llatitefenillf' and Porrey, Coiapf. rend., 1SS4, 98, 137S. 

Stoek and Gornolka, Ber., li)()9, 42, 4510. 

Pose, Aa/iulf ji, 1832, 24, 326. 

J.jiiidirn'be, Sclnrtippr's J., 1830, 60, 184. 

PloncJlot, Coinpt. rend., 1874, 78, 1130. 
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such as (1) by heating the elements together,^ (2) allowing phosphorus 
to stand in solutions of arscnious acidy (3) by the action of phosphine 
on arsenic halidesP The properties of these substances resemble in 
general those which would be possessed by mixtures — they burn in air 
giving the mixed oxides, decompose on heating with vaporisation of 
phosphorus, are oxidised by nitric acid, etc. 

Antimony in the liquid state dissolves phosphorus giving a brittle 
mass of metallic appearance. A red amorphous powder has also been 
made by the action of phosphorus on antimony tribromide dissolved 
in carbon disulphide." 

Bismuth also gives a brittle substance when melted with phos- 
pliorus. When phosphine is passed into a solution of bismuth tri- 
chloride or triiutrate a black powder containing phosphorus is 
precipitated.^ 

Chromium Phosphides have been prepared from the elements 
or by the action of phosphorus vapour on potassium dichromate, or 
from carbon and cliromium phosphate.^ These compounds have the 
appearance of grey powders, which are hardly attacked by dilute acids 
but are decomposed by alkalies. 

Molybdenum and Tungsten Phosphides have been prepared by 
heating the trioxides of these elements with phosphoric acid to about 
1400'^ C. in a carbon crucible." They appeared as steel-grey crystals 
having densities of 5 to 6, far below the densities of the metals. 
IMoiybdenum phosphide could be oxidised by heating in the air or Mth 
chlorine. The tungsten compound was less reactive and could be 
burnt only in oxygen or with ^ootassium chlorate. It was not attacked 
by acids. Vfohler assigned the formiihe MoP and Vf.jPo to these 
substances. 

A phosphide \VP has been prepared by heating the diphosphide with 
copper phosphide in a graphite crucible. This had a similar appearance 
to Wohler's pho$})hide, W4P2, but a density of 8-5.^ It was more 
easily oxidised, being attacked by chlorine and hot nitric oxide, and 
by nitro-hydrofiuoric acid. A higher phosphide, WP^, was also pre- 
pared by the action of phosphine on WC1(3 at a red heat. This compound 
burned in the air, and Avas in most respects more reactive than WP.® 
Nitrogen Avas found to displace the phosphorus at a high temperature, 
giAnng the A'ery stable nitride. 

The phosphides of manganese and of the metals of the iron group 
are numerous and important. 

Manganese Phosphides. — Compounds containing manganese and 
phosphorus Avere prepared at the end of the eighteenth and beginning 
of the nineteenth century using the methods described by Pelletier, 
Percy, Rose, Schrotter and Wohler (loc. cit.). The freezing-point- 
composition diagram of the tA\n elements ^ shoAvs a eutectic at 964"^ C. 
(first additions of phosphorus), a maximum freezing-point at 139T^ C. 

^ Landgrebe, SchwL'njatr' s J., 1830, 60, IS4. 

“ Blondlot, Conipf. reinL, 1874, 78, 1130. 

Besson, Coinpt. /c/kL, 1800, iio, 1260; Janow^iky, Bcr., 1873, 8, 1636. 

Ramsay and Mclvor, Bcr., 1873, 6, 1362. 

^ Cavazzi and Tivoli, Gazzetta, ISO], 21, 306; Cavazzi, Gazzetta, 1884, 14, 219. 

Rose, Granger, A/in. Cliini. Phy^., 1808, [7], 14, 38. 

■ Wohler, Aiiiuilon, 1831, 79, 244; ibid., 1850, 109, 374. 

^ Defacqz, Oornpt. rend., 1000, 130, 015; ibid., 1901, 132, 32. 

^ Scheiutschusciuiy and Efremoif, Zeitsek. anorg. Chtin., 1908, 57, 247. 
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corresponding to nnotlrc.! cutcctic s-t 109o ^*5 cind nnotlicr 

maximum at 1990° C. corresponding to MnP.-’^ Alloys containing 
between 10 and 20 per cent, of phosphorus are magnetic. The mono- 
])hosphide IMnP was a black powder which was fairly easily oxidised 
bv heatinii in the air.^ 

Iron Phosphides. — Cast-iron which has been made from phos- 
phatic ores contains phosphides which seriously affect the properties 
of tiie metal. Various compounds rich in phosphorus have been pre- 
pared by heating iron in phosphorus vapour, or iron with phosphoric 
acid, bone-ash, sand and carbon (Pelletier, Wohler, loc. cit, Berzelius ; 
also' Hatchett ^). The freezing-point diagram of the system iron- 
phosphorus shows several maxima and minima. The melting-point of 
iron was lowered from 1510° C. to about 1400° C. by the addition of 
1-7 per cent, of phosphorus, but this was not an end-point of crystal- 
lisation.^'^ The first eutectic was found at 1003° C. with 10-2 per cent, 
of phosphorus, the solid phases being Fe and FcgP. The maximum 
freezing-point corresponding to FcgP was about 1100° C.^’ There 
was a "^lialt-point of crystallisation, or another eutectic, between this 
compound and FcoP, which melted at 13.50° C." Solid solutions of 
these compounds, which may be recognised microscopically,® increase 
the hardness of pure iron from 3-5 to 5*0 or 5-5, but above about 
1 per cent, of phosphorus render it brittle. Other phosphides which 
have been reported are FeP,^ and FeoPo.^® The lower phosphides 

FeP and FcoP retain their phosphorus up to a red heat. The former 
has also been prepared at a red heat by the action of phosphine, 
thus : — 

2 FeS -r 2 PH 3 = 2 FeP V 2 H 2 S 
FeCl. -r PH 3 = FeP v 3HC1 

Most of the phosphides are insoluble or only slowly soluble in single 
acids, but are attacked by acpia regia and chlorine. FcgP dissolves in 
hydrochloric acid, thus : — 

2Fe3P V 12HC1 v sHoO = bFeCl^ -e 2H3PO., + llllo 

When iron containing phosphides is dissolved in acids one of the pro- 
ducts is phosphine, which is formed in greater proportion {i.e. more of 
the phosphorus is present as phosphine) as the amount of phosphorus 
diminishes, i.e. between OT and 0*03 per cent,^‘^ 

Cobait Phosphides. — The phosphides of this metal arc produced by 

^ Wedekind and Veit, Ber., 1907, 40, 1259; Granaer, Coynpt. rend., 1907, 144, 190. 

- Sclu-mtschut'chn y and .Efremoff, Zeitsch. anonj. Ch(-tri., 1908, 57, 247. 

" Hilperi and Dieekmann, Ber., 1911, 44, 2831: ihid., 1914, 47, 780. 

" JHcitc)}ctt, Bhtl. Trans., 1804, 94 , 315. 

^ 8tcad, J. Soc. Chtni. Ind., 1914, 33, 173; ihid., 1903, 22, 340, 

° 8akalal\valla, J . Iron and Steed Bnstdate, 1908, 77, ii, 92. 

" Konstantinoff, J. Bass. Phys. Chem. Soc., 1909, 41, 1220. 

® Arnold, J . Iron and Steed Inshtiite, 1894, 45, i, 107. 

iree.se. Zed-. Cdt.crn., ISOS, [2J, 4, 110; Dennis and Cushman, J, Arner. Cdiern. Soc., 
1894, 16, 477; Amialcn, 1867, 132, 225. 

Le Cliatelier and Woloydinc, Cornyd. rend., 1909, 149, 709. 

Freese, loc. Cit.: Sohrotter, Sitziin.g-sbcrr. II. Akad. lld-s-.s. Wien, 1849, 3, 301. 

Hn'oslef, Arninlen, ]85(), 100, 99. 

Dennis and Cusliinan, loc. at. 

Stead, J. Soc. Cke-m. Ind., 1897, 16, 208. 
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similar methods. CooP^'-has a maximum freezing-point of 1386"^ C., 
and tlie eutectic between this and the freezing-point of the pure metal 
is at 1022^ C. and corresponds to lG-6 per cent, of phosphorus.- 

The combination of phosphorus with nickel was studied by Pelletier, 
Davy a.nd ^Maronneau {loc. cit.), also by Lampadius ^ and Berthier.^ 
The methods included heating reduced nickel in the vapour of PCD, 
heating copper pliosphide and nickel in an electrie arc furnace, the 
precipitation of a solution of the sulphate by nascent PH 3 derived 
from phosphorus and alkali.^ The thermal diagram of the nickel-nickel 
phosphide system showed a first eutectic on the nickel side at about 
886° C. and 11 per cent. phos]:)horus.^ The first compound Xi-^P 
freezes at about 965° C., the second, Xi5p.2, at about 1185° C.® The 
compound XioP crystallised from the melt in grey needles at about 
1112° C. ; it is insoluble in single acids, but is attacked by chlorine or 
fused alkali. This compound was also made by heating copper phos- 
phide and nickel in an electric arc furnace ~ and by several of the 
methods mentioned above.^"^ X’i3P2 and XioP;^ have also been reported. 

Some of the metals of the platinum group, including platinum 
itself, form phosphides. These alloys were investigated in a qualitative 
manner by Pelletier,^ Granger and others. The compound Pt5P3, 
formed by heating finely divided platinum with phosphorus at a white 
heat,^^ was a white substance of metallic appearance, which lost phos- 
phorus when heated, giving Pt2P, and platinum when treated with 
aqua regia, leaving PtP. These compounds were insoluble in single 
acids and either slightly soluble or insoluble in aqua regia. The black 
precipitate produced by the action of PH3 on PtCl^ may be a hydro- 
phosphide Pt(IT2P2)*^" 

^ Maronneau, Cumpf. Knd.^ 1900, 130 , 656. 

“ Schepeletf and SehemTschiiscliny, J. Ru^s. Rhys. Chew.. Soc.^ 1009, 41 , 862. 

^ Lampadius, Schictigycr s J.. 1814, 10 , 114. 

Eerthicr, Ann. Chun. Rhys., 1824, [2j. 25 , 94. 

° Schenck, Trans. Chan. Sac., 1873, 26 , S26; 1S74, 27 , 214. 

Konstantinoff, Zeiisch. anorg. Chew., 1908, 60 , 410. 

' Haronneau, Compt. rend., 1900, 130 , 657. 

® Schenck, loc. cit. See also Struve, J. prali. Chew., 1860, [ 1 ], 79 , 321; Kulisch, 
AttnaJen, 1SS5, 231 , 357. 

^ Loc. cit. 

Loc. cit. 

Clarke and Joslin, Chew. Xeics, 1SS3, 48 , 2S5. 

Kulisch, Annalen, 1SS5, 231 , 355; Cavazzi, Gazzetta, 1SS3, 13 , 324. 
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PHOSPHORUS AND HYDROGEN. 

Phosphine. 

Comparison with Ammonia and Hydrogen Sulphide.— The 
electronegative character of an element is shovrn by — 

(a) Electrolytic dissociation of hydrogen ion in its hydrogen 

compounds. 

(b) Displacement of hydrogen from hydrogen compounds by alkali 

and other metals. 

(c) Stability of hydrides towards heat. 

With respect to condition {a\ phosphorus has none of the negative 
character possessed by its neighbour sulphur in the sixth group. With 
respect to (b), the phosphides and the nitrides may well be compared, 
and the modes of formation and stability of these compoiuKls show 
that phosphorus is less electronegative than its congener nitrogen. 
With respect to (c), the dissociation of phos])hine is more rapid and 
more complete than that of ammonia. There is apparently no re- 
versible equilibrium between pliosphorus and hydrogen as there is 
between nitrogen and hydrogen. Rotli hydrogen sul])hide and 
ammonia are formed to a limited extent by direct combination at 
moderate temperatures and ])ressures, whereas phosphine is not formed 
in this way. [Note. — The production of ])hosphinc has been observed 
when white phosphorus is heated in a sealed tube with hydrogc}!.! 
(See also p. 27.)] 

Historical. — While investigating the action of alkalies on phos- 
phorus Gengembre - in 1783 prepared a spontaneoush' inflammable 
gas. This reaction was expected to produce a liver of phosphorus 
or alkali polyphosphide similar to “ liver of sulphur '' or alkali poly- 
sulphide, which is prepared from sul]:)hur under analogous conditions. 
Several other chemists about this time prepared phosphine by similar 
methods, or by heating phos]3horous acid.-^ The composition of the 
gas, as an analogue of ammonia, was demonstrated by Davy,'^ and the 
difference in composition between the gaseous hydride and the liquid 
hydride {q.v.) to which the spontaneous inflammability is due was 
established by Dumas. It was demonstrated by Graham ® that the 
spontaneous inflammability could be removed by means of carbon 

^ Ipatieff and Xikolaicff, Jicr., IJidO, 59 , B, dOd. 

“ Gengeinbre, Mem. Acad., 1781, 10 , Oil. See also Kirwan, PJi.il. Trans., 17S6, 76 , 
US; Raymond, Fhtl. Mag., iSOO, 8 , 114; CreU's Anvaltn, J 7S3, i, 410. 

Rclletier, Ann. Chnn. Phyn.., 1792, [i'|, 13 , 10 ]. 

Davy, Phil. Trails., 1812, 102 , 405. 

^ Dumas, Ann. Chnn. Phys., 1826, [2], 31 , 113. 

® Graham, Phil. 2Iag., 1834, [3], 5 , 401; Trans. Roy. Soc. Edin., 1835, 13 , SS. 
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dioxide, hydrogen chloride, nitric oxide, arsenioiis oxide, concentrated 
.sul])hiiric, ])]iosphoric and arsenic acids. 

Occurrence. — The pale glow wliich hovers over marshes, and which, 
under tlie name of '' will o' the wis|.:)s.'' Jack o' lanterns,'' etc., has 
been the sulyect of many iegends, has l)ceii attributed to traces of 
]dios])hine with other gases produced by the decomposition of organic 
matter. This is rendered ])robabIe by the observation that phosphine 
is produced by the. putrefaction of proteins.^ 

Preparation. — [a) The original method is still in general use. 
The alkali employed may be hydroxide of sodium, potassium, calcium - 
or barium. The reaction is usually represented by the equation 

dP + :3KOH -f :3H,0 = PH., ^ 3KTlkPOo 

Tins reaction really amounts to a hydrolysis of phosphorus, which can 
1)0 effected also by water at high temperatures. The equa.tions reduced 
to their simplest forms and dissected arc : — 

3P-r;3lL-,0=30PH-r3H 

P-f3H=PH3 

SOPH^SlIoO^all.PO., 

The phosphine so obtained usually intlames spontaneously on 
coming into contact with the air ; each bubble as it escapes forms a 
beautiful vortex ring of smoke. It was early shown that the spon- 
taneous inflammability is due to the presence of small quantities of a 
hydride, liquid at ordinary temperatures,''^’ which has the empirical 
composition (PIT,)/ and the molecular composition PJi^. The 
phosphorus must therefore react also according to the equation 

6 P ^ IKOH + dHoO - dKH.POo -f P 0 H 4 

The presence of hydrogen in proportions up to 50 ^ or 60 ^ per cent, 
has been accounted for by the oxidation-hydrolysis of the hypo- 
phosphite ^ 

KHoPOo -r 2 II 2 O = KH.PO^ 2 PI 0 

Details of Preparation . — A tubulated retort is filled with alkali and 
the phosphorus is added in small pieces. The tubulure is then closed 
by a delivery tube, which is connected with a Kipp's apparatus or 
other source of hydrogen (the air may also be disj^laced by adding a 
little ether). The neck of the retort is connected with a tube which 
dips under water. The air is displaced by hydrogen and the retort 
then gently warmed so as to melt the phosphorus and give a steady 
evolution of gas. When sufficient has been collected the residual gas 
is expelled by a current of hydrogen and tlie phosphorus allowed to 
solidify before the retort is opened. 

If phosphine which is not spontaneously inflammable is required, 
the gas is washed by passing it through a Woulfc bottle containing 
concentrated hydrochloric acid or alcoholic potash. 

The gas prepared in this manner contains hydrogen (up to 90 per 

^ Gautier and Etard, Compt. rend., 1S82, 94, 1357. 

- Raymond, loc. cit. 


2 Runia^, loc. cit. 
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cent ) but can be prepared pure by alloAving water, dilute alkali or 
acRieous ether to drop on to ])hosphonium iodide. i The product may 
be mixed with carbon dioxide, dried by pliospliorus pentoxide and 
condensed in liquid air. The condensate is distilled, rejecting the 
first and last fractions, tlie middle being pure dry phosphine. ^ 

{b) Heating hy})ophosphorous or phosphorous acid or their salts 
gives phosphine : — 

2 H 3 P 02 ^PH 3 ^H 3 P 0 , 

(c) The action of water or dilute acids on alkali or alkaline earth 
phosphides affords a method of jmeparation. The reactions showm 
bv the following equations will be succeeded by others which produce 
hypophosphites, etc. : — 

NagP 4- 3 HoO - PH. SNaOH " 

Na3H3P2P3H;0 = 3 NaOH -2PH3 ® 

Similarly calcium phosphide is readily attacked by water or dilute 
acids giving phosphine.^’ ® A fairly pure sample of the gas may be made 
from '^calcium phosphide wdiich has been produced in the electric 
furnace.^ The reaction is more complex than that represented by the 
equation 

Ca3P2 1- eHoO -3Ca(OH)2 -t 2PH3 

Magnesium phosphide, aluminium phosphide and phosphides of 
severaf other metals also yield phosjdiine when treated with acids. 

{d) A pure phosphine may be made by the action of alkalies or 
even water upon phosphoniurn iodide or bromide. Ciystalline phos- 
phonium iodide, prepared as described on p. 78 , is mixed with broken 
glass in a flask fitted with a tap-funnel and delivery tube. A solution 
of one part of caustic potash in two parts of water is added slowly 
through the tap-funnel. The gas is not spontaneously inflammable if 
the last portions are rejected. 

PH J -1- KOH - KI -f PH3 n- HoO 

The gas should be washed with concentrated hydrochloric acid (to 
remove any P2H4), alkali (to remove HCl and HI), and then dried wdth 
phosphorus pentoxide. 

{e) Among many reactions by wdiich phosphine can be prepared 
may be mentioned that wdiich takes place between hydrochloric acid 
and diamidophosphorous acid, (NHo) 2^011.^'^ 

^ Messinger and Engels, Ber., 18SS, 21, 326. 

“ Gazarian, J. Chwi. pJiy-s., 1909, 7, 337; Cumpt. rend., 1909, 148, 1397. 

^ Dulong, Dumas, Hofmann, loc. cit.; Rose, Annalen, 1839, 46, 633. 

^ Thenard, loc. cit. 

^ AVinter, J. Amer, Chem. Boc., 1904, 26, 1484. 

^ Hugot, Compt. rend., 1898, 126, 1719. 

■ Pearson, Phil. Trans., 1792, 82, 289. 

® Matignon, Cornpt. rand., 1900, 130, 1390. 

Moissan, Compt. rend., 1899, 128, 787. 

Lupke, Ztitsch. phys. Chern. Urderricht, 1890, 3, 280. 

iVIatignon, loc. cit.: Eonzes-Diacon, Cornpt. rend., 1900, 130, 1314. 

Hofmann, Btr., 1871, 4, 200. 

Seniilas, Ann. Chira. Phys., 1831, [21, 48, 91. Sec also Messiiiger and Emzels, Ber., 
1888.21,326. 

Thorpe and Tutton, Trans. Chern. 80 c., 1891, 59, 1019. 
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General Properties. — Phosphine is a colourless gas which may 
l)e condensed at low temperatures to a colourless licpiid and frozen to 
a wliite solid (see ]). TS). The ])oiling-])oint of the liquid is consider- 
ably below that of ammonia. The gas has a strong odour recalling 
that of decayed hsh, and resembling rather the odour of the lower 
alkylamines than that of ammonia. It docs not support ordinary 
combustion, and is ])oisonous — dilutions as large as 1 in 10,000 of 
air ^ cause death in a few hours. The effects, such as embrittling of 
the teeth and bones, are somewhat similar to those of phosphorus.^ 
The solubility in water (about ‘26 volumes in 100 at 17“ C.) is far lower 
than that of ammonia. The gas also is only sparingly soluble in 
alcohol and ether. It is easily decomposed by heat, depositing phos- 
phorus in tlic red form and giving 3 2 of its volume of luHrogen in 
accordance with the equation 

4PIl3 = l.P7-6Ho 

The molecular weight was indicated by rough determinations of the 
density by the early workers ; these results v/ere, however, in all cases 
too low on account of admixture with hydrogen (r. supra). 

Physical Properties. — Density. — The density corresponds to simple 
molecules, PH 3, but deviations from the laws of a perfect gas are 
observed. The weight of a normal litre is 1*5203 to 1*5295 gram,^ a 
\'alue which shows that under these conditions it agrees closely with 
Avogadro's theory. At pressures of 10 atmospheres or more, however, 
and at temperatures from 21*6^ to 54*4“ C. the compressibility is much 
greater than is allowed by BovleY law. The following values refer 
to 24*6= C. ^ 


pt (atm.) . 

i 

1 1*0 

10 

15 

’ 20 

25 

30 

jrc . 

1 1*0 

0*97 

j 0-9S 
i 

O-cSO 

0*75 

0*70 


Viscosity . — The relative value, based on that of air (viz. 2*191 x 10“^ 
e.G.S. units at 15= C.), was found to be 1*129x10“-^ at 15= C. and 
1*450 x10“^ e.G.S. units at 100= C.' The relative collision area, 
TT-r- X 10^'^ (in which r is the radius of the molecules in cm.), calculated 
from Chapman's formula, is 0*911, while for NH3 and AsHo the values 
are 0*640 and 0*985 respectively. 

Absorption in the Infra-red . — The methods of determining this 
property are briefly described as follows.® The radiation from a 
Nernst filament was passed through a rock-salt lens, then through 
either of two similar tubes, one of whicli was evacuated and the other 
filled with the gas at a known pressure. A rocking arrangement 
allowed either tube to be thrown quickly into the path of the rays. 
The beam was focussed on the collimator slit of an infra-red spectro- 

^ Blyth, "Poisons, Their Effects and Eettction (Gritiin), London. 

- Clark and Henderson, Chein. Neics, 1879, 39, 102. 

^ rJokote, Arch. HyrjLene, 1904, 49, 275. 

Brenner, Zeit. Med. St Petersburg, 1865, 6, 4. 

^ Gazarian, J. Chon, phys., 1909, 7, 337; Conipt. rend., 1909, 148, 1397. 

® Briiier, J. Chim. phys., 1906, 4, 476. 

' Rankine and C. J. Smith, Phil. 2Iag., 1921, [6], 42, 601. 

® Robertson and Fox, Proc. Boy. Sac., 1928, A, 120, 128. 
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meter furnished Avith a prism of roek salt, quartz or fluorite. On 
emerging from the second slit of the spectrometer the radiation was 
received by a bismuth-silver tliermopilc, the current from which was 
registered by a Paschen galvanometer. 

Phosphine, arsine and stibiiie showed a number of deep bands, also 
fine structure and smaller bands. The intensity of the bands decreased 
as a rule in passing towards the visible end of the infra-red spectrum. 
Bands numbered I to VI formed a nearly harmonic sequence, in which 
the wavelengths of corresponding bands increased with increase in the 
atomic weight of the Fifth Group element. In the following table 
the wavelengths A in microns 0-001 mm.) and the wave-numbers 
(per cm.) are given for corresponding bands. The percentage absorp- 
tion a refers to the gas in the tube under a pressure of one atmosphere. 
The ratios of the wave-numbers of the corresponding bands for each 
pair of gases are nearly constant. 

ABSORPTION SPECTRA IN THE INFRA-RED. 


j Gas. 

! 

Wavelengths of Bands. 



V. 

a. 

1 

1 

i 

G-132, 2-998, 1-9C7, 

1-513, 1-212 

' 

6-132 

1630-8 

92 

PH3 

i 

S-SS9, 4-297, 2-929, 
2-193, 1-7S3 

8-889 

1125-0 

80 

AsHs 

9-946, 4-713, 3-235, 
2-403, 1-951 

9-946 

! 1005-4 

i 79 i 


Ratio of V 

PH3/XH3 

0-689 

Mean 0-685 

i 

1 

Ratio of V 

ASH3/PH3 

0-893 

hlean 0-907 i 


Soluhiliiij. — Phosphine dissolves in 5 to 10 times its volume of 
water at ordinary temperatures. The solubility, expressed as “ Bunseif s 
absorption coefficient,’* - is 0-2(5 volume at N.T.P. in 1 volume of water 
at 17" C.i 

hen the liquefied gas was brought into contact with water and 
solidified by releasing the pressure, the resulting crystalline solid was 
found to be a hydrate, perhaps PI-l 3 .H 20 .“ 

Phosphine is only slightly soiubie in alcohol or ether. It is readily 
absorbed by wood charcoal, to the extent of about 500 ^'olumes by 
1 volume ot the charcoal. Coconut charcoal absorbs C9 volumes of 
the gas at 0° C.^ 

* i\ ofe..^ See \ olume I. of this Series, and this I- ol innc, Part 1., ''Solubility of Xitroeen.” 
Also A Te.x(-hooh oj Physical Chtm tslnjA \ ol. 1., -j. Xewtun Pricnd (Gritlin), 1932. 

^ Stock, Botigcr and Lenger, Bcr., 1909, 42, 2So5. 

- Cadletet and Bordet, Co/npL rend., 1882, 95, 58. 

" Hunter, PJiiL Map, 1865, [4], 29, 116. 
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The gas may be eondeiiscd under pressure at. a temperature wliieh 
is atraiaaljle by the use of solid earbon dioxided It ean be liquefied 
at the ordinary temperature mider a urcssiire of 30 atmospheres.- 
The iJi'ineipal thermal eonstants are as follows : — 

Boiling-point, -85^ C.," -S7--UC/* 

H elt i n g- p o i nt , - 1 3 2 • 5 "" C . ^ 

Critical temperature, 54^ C.y 52*8“ 51*3'' C.^’" 

Critical pressure, 70-5,- G4-5 atmd’” 

Critical volume, 4-0 c.e. gram.- 


Liquid Phosphine. — The in pour pressures and isoharic densities 
of liquid (Dl) and vapour (D\ ) for liquid phosphine are as follows: — 


ICC. . 1 

- 105-9 

- iOi-2 

— / 

-93-1 

- 86-6 

— S6-2^ .. 


n(!nTn.i ' 

237 

319 

393 

498 

719 

i 760 ^ : . . 


Dl . i 

0-760 ; 

0-756 

0-753 

0-746 

0-745 

. .8 


Pv 

0-0379 , 

O-O 2 IOI : 

0-0.2122 

0-0.2151 


. _ 8 , 

•• 

i r C. . ' 

-49-4 

44-4 

39-4 : 

29-4 i 

24-6 

i 18-4 ■ 8-4 

2-4 = ; 

j p (atm.i 

62-4 ; 

56-1 

50-8 

41-3 ; 

37-1 

132-C 127-2 

23-4 2 ; 

1 Dh ' . 

0-417 : 

0-469 

0-502 ■ 

0-536 ' 

0-545 

: 0-559i 0-595' 

: 1 ! 

0-618 C 

j 


From the first set of results the density of the liquid at its boiling-point 
is 0-744, and increases with falling temperature according to the 
equation ^ 

D.j. =().r44[l -f-0*0008(T|, - T)] 

The vapour pressure has also been expressed by the formula 

logp= -845-57/T-M-75 log T - 0-0o6193lT 4- 4-61480 

The surface tension of liquid phosphine indicates a certain degree of 
association, since the coefficient of decrease of molar surface energy 
with increase of temperature is about 1-7 instead of 2-0 : — 


I r C. . 

i -105-9 

-101*2 

- 97-6 : 

- 93-1 I 

'a 

i 22-783 i 

22-095 

21-533 

20-7988 : 

i yUii-'s . 

^ 287-2 ! 

279-G 

273-4 

265-4 


The refractivitij of the liquid is 1-323 for white light at 11-0"^ C. and 
1-317 for the D line at 17-5'' C.® 


^ Faraday, PJtiJ. T rans., lS4o, 135, loo. 

- Skinner, Pioc. Pioij. Poe., 18S7, 42, 2S3. 

2 Olszewsky, Monatsh., ISSG, 7, 372; Anz. Ahad. Krah., 190S, 375, 483; PhP. Mag., 
1895, [5], 39, 188. 
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The dieJeciric constant is 2-55 at -60° C. and 2-71 at -25° C.^ 

Chemical Properties. — Decomposition . — Phosphine is an unstable 
o-as Avliicli can be decomposed by heat alone, and is easily oxidised by 
oxyiz’cn and by oxidising agents such as the halogens. 

The ^x4ocity of Jecom])osition at constant volume and at tempera- 
tures between 300° and 500° C. was studied by van’t Hoff and his co- 
workers. “ Concentrations of the undecomposed phosphine at any time 
can be calculated from the pressure, which, of course, rises during the 
reaction. The way in which the velocity constant can be calculated 
from the pressure is as follows. 

The equation is arrived at in the following way : — A fraction x of 
1 original mol of PH^ at a pressure p^ is decomposed after a time t 
giving 3a?/2 mols of hydrogen and (1 +a:/2) mols of the mixed gas, which 
will therefore have a pressure p^{l -i-xj2)pQ. 

If the equation of a unimolecular reaction is referred to the concen- 
tration Cq of PH 3 at the beginning and c after time t, then 



K-- log, = ] log, , ^ 
t °''c t 

or 

1 , c. 1 , 1 - a;, 

Now 

ro 

Therefore 

t ^‘'S2)^-2p 

or 

1 io„^o-2ri 


Also, at the end of the reaction = iTA- 
The final form of the equation 


is equivalent to 


A- 


1 


io -tj 


log. 


Pco -Pi 
V:r. ~P2 




1 

t.2 


log. 


Co 


The reaction appears to be unimolecular in any one vessel, but the 
constant K is not the same in dilferent vessels. Hence it was supposed 
that the decomposition took place on the walls of the vessel. The 
constant rises with rise of temperature, and above 660° C. there is no 
constant : — 


\ fQ. 

i ! 

572 : 

645 

^ 650 

656 

060 

1 683 ' 

IQSA' 

0-54 

3*6 

4-4 

1 

5*6 

12 

i 

' 11 to 22 ^ 


The effect of surface on the reaction has been further studied by adding 
powdered fused silica, which caused a great increase in the velocity 

^ Palmer and Scliliindt, J. PhijsicMl Chtm.., 1911, 15, 381. 

- Kooij, Ziiitsch. phi/siJcal. Chem., 1893, 12, 156. 

3 Trautz and Bhandakar, Zeitsch. anorg. Chem., 1919, 106, 95. 
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of dcco7iipositionH The heat of activation of the PHo molecules cal- 
culated from the rate of increase in the velocity constant with tempera- 
ture was -to, 000 to 50, 000 caloriesd 

The effect of the electric discharge was investigated by the early 
workers ; red })hosphoriis is deposited ^ and other hydrophosphors are 
formed.'*’ ^ 

The effect of light has been studied, but the results are not con- 
sistent. Some decomposition may take place with the production of a 
reddish deposit, and the spontaneously inflammable fraction may be 
destroyed.^ The amounts and intensities of the short-wave radiations 
as well as other conditions were not known or controlled by the earlier 
investigators. ® 

Oxidation . — Although pure phosphine does not itself in the ordinary 
way inflame spontaneously with air, yet it does so when tlie pressure 
is reduced. This observation was made almost simultaneously by 
Davy ^ and de la Billardierc.-o In the words of Davy — I found the 
phosphoretted hydrogen produced a flash of light when admitted into 
the best vacuum that could be made by an excellent pump of Nairn’s 
construction.” 

The oxidation under reduced pressure was found to take place at a 
fairly uniform speed at 50° C. and pressures of 760 down to about 
400 mm.^^ If mixtures of air and PH 3 were used corresponding to about 
2 \’olumes of PH 3 to 1 volume of oxygen, the diminution of pressure 
per hour was uniformly 0-5 to 3*0 per cent, of the initial value. There 
was in only one case a slight increase in the velocity immediately before 
explosion occurred. Moisture retarded the reaction. Moist mixtures 
of phosphine and oxygen were not explosive with air at low pressures, 
but dry mixtures of phosphine and oxygen exploded when the oxygen 
pressure was reduced to 0*1 atmosphere or any lower valueA-’ 

Slow oxidation at low pressures proceeds according to the equation 

PH3+02=H.3-rHP0o 

At higher pressures both metaphosphorous and phosphorous acids are 
formed, thus : — 

4PH3 -r 50 o - 2HPO0 -f 2H3PO3 A 2H0 1 =^ 

If the gas was very thoroughly dried, as over phosphorus pentoxide, 
soda-lime or crystallised glycerine, it took fire spontaneously in air. 
The explosion which takes place after some hours of slow oxidation of 

^ Hinshehvood and Topley, Trans. Chtni. Soc., 19*24. 125, 393. See also Diisliman, 
J. Aintr. Cheni. Soc., 1921, 43, 397; Drummond, ibid., 1927, 49, 1901. 

■- Dalton, Aiui. Phil., ISIS, ii, 7. 

^ Hofmann, Btr., iS71, 4, 200. 

Graham, Phil. Mag., 1S34, [3], 5, 401. 

^ Thenard, Conipt. rend., 1873, 76, 150S. 

^ Amato, Gazzeita, 1SS4, 14, oS. 

' Trautz and Bhandakar, loc. cit. 

^ Roy, Proc. PlOij. Soc., 1926, no, A, 543. 

^ Davy, Phil. Trans., isi2, 102, 405; Rose, Annaleti, 1839, 46, 633. 

de la Billardiere, Chirn. Phijs., 1817, [2J, 6, 304. See also Dumas, Ann. Chirn. 
Phps., 1S26. [2], 31, 113. 

"Studies ifi Chemical Dynamics,''' van’t Hoff-Colien, translated b\' Ewan (Williams 
and Xorgate, 1896). 

van de Stadt, Zeitsch. physikal. Chem., 1893, 12, 322. 
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phosphine with moist air has been attributed to the accumulation of 
hygroscopic compounds such as H3FO2 and II3PO3, which dry the 
remaining gases. ^ 

The explosion of phosphine with oxygen takes place at higher 
pressures when the phosphine is in considerable excess. Thus 0-5 c.c. 
of oxvgen was mixed with 0-5 and up to C-O c.c. of phosphine and the 
expanVion was determined at which the mixture w'ould explode (at 
50 ° C.). A total expansion of 1 volume to 5 volumes was required for 
the first mixture, but only 6-5 to 9-6 Amlumes for the second.- 

The vigorous combustion of phosphine produces orthophosphoric 
acid. A combustion with the production of 85 per cent, of this acid 
gave wBll calories^ at constant pressure. Values calculated for 
the heat of formation of gaseous phosphine are -11*6 Cals./’^ -9*1 
Cals.,^ and -5*8 Cals.^ The free energy of formation from solid 
phosphorus and hydrogen at 25 ° C. is -S S Cals.® 

Halogens attack phosphine vigorously giving halides of hydrogen 
and usually of phosphorus as well. These reactions were early investi- 
gated by Thomson, Balard and Hofmann.^’ The action of sulphur 

■^vas also investigated by Davy and Dalton.-^®’ 

Phosphine is absorbed by acid cuprous chloride giving an addition 
product CuC 1.PH3.^® It precipitates phosphides from some metallic 
salts (see under ‘‘ Phosphides *’). 

Phosphine reacts with the lower halides of phosphorus giving 
halogen hydracids and free phosphorus or a compound containing 
more phosphorus.^"- V/ith the higher halides it gives the lower 
halides and halogen hydracids, thus : — 

3PCI5 -f- PH3 = 4.PCI3 4- 3 HC 1 

In relation to halides of boron, phosphine resembles ammonia, 
giving addition compounds of similar but not identical type such as 
2BF3.PH3 and BCI3.PH3, which are, however, more easily dissociated 
than the corresponding ammines. 

Phosphonium Compounds. 

Phosphine, like ammonia, has a much lower affinity for water than 
it has for the halogen hydracids, no doubt on account of the fact that 

^ Rose, A)i)iaJc;(, 1S32, 24, 158. 

- van’t Hoff-Colien, ''Studies in Chc'mical Dijnarnics.'''' 

^ Leinoult, Compt. rend., 1909, 149, 554; ibid., 1907, 145, 374. 

Ogier, Coiiipt. rend., 1S7S, 87, 210. 

Berthelot and Petit, Compt. rend., 1889, 108, 548. 

^ Forcrand, Cornpt. rend., 1901, 133, 513. 

' Lemoult, Convpt. rend., 1907, 145, 374. 

^ Rrunimoud, J. Amer. Chtrn. Soc., 1927, 49, 1901. 

^ Thomson, Ann. P'kil... 1820, 15, 227. 

Balard, Ann. Chini. PJiys., 1834, [2], 57, 225. 

Plofmann, Annalen, 1857, 103, 355; Per., 1870, 3, 060; 1871, 4, 200. 

Davy, Phil. Trans., 1812, 102, 405; Vaiiquelin, A/in. Chivi. Phys., 1824, [2], 25, 401. 

Dalton, Phd. Trans., 1818, 108, 316, 

Jones, Trans. C’kein. Soc., 1878, 29, 841. 

Cavazzi, Gazzetla, 1888, 16, 169. 

Riban, OomjA. rend., 1879, 88, 581. 

Besson, Cornpi. rend., 1SS9, 109, 844; 1890, no, 518, 1258; 1890, iii, 972. 

Malm, Zeitsch. Cliern., 1869, [2], 5, 729. 

Gladstone, Phil. Mag., 1849, [3], 35, 345. 
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water gives a very low concentration of hydrogen ion and the halogen 
hvdracids in water high concentrations of hydrogen ion (Werner), the 
hydrates in both cases being less stable than the hydrohalides. The 
formation of hydroxides and hydrohalidcs consists partly in the addi- 
tion of hydrogen ion to the anhydro-base. This process takes place 
to a much greater extent with ammonia than with phosphine. Indeed 
phosphine does not appear to form a hydroxide at all with water, but 
simply dissolves as an indifferent gas.^ The case is different with the 
halogen hvdracids ; these do form phosphonium salts of varying 
stability, the iodide being the most stableA 

Phosphonium Chloride, PI-I 4 CI, is formed when the component 
gases are mixed under a pressure of about 20 atmospheres. Under 
atmospheric pressures it can only exist at temperatures below about 
-25° C.“ It can be melted under pressure at ^28*5° (Other 

determinations gave 25° C.'^ and 26° C.^) 

The change of volume on melting is very great, being about 
-I- 0*73 c.c./gram at -4-40° C. The critical volume is 3-5 c.c./gram.^ 
The critical temperature is given as 50° to 51° C.,® 48° C.,^ 48-8° to 50*1° 
C.,"^ 49T° and the critical pressure as 80 to 90 atm.,'* 96 atm.,^ 
74-2 to 75-0 atm.^° and 72*7 atin.^i The heat of formation of 1 mol of 
gaseous PrljCl is P16-4 Cals.; that of the solid is A 43*4 Cals., and 
therefore the heat of sublimation is -^27-0 Cals.^- The dissociation 
pressures have also been investigated.^^ 

Phosphonium Bromide, PH^Br, was made by Scrullas in 1831 
from the component gases by direct union. Its dissociation pressure 
reaches only 1 atmosphere slightly below -i-38° C.*^ It can also be 
made by passing phosphine into the most concentrated aqueous hydro- 
bromic acid,^° or hydrogen bromide dissoh'ed in phosphoryl chloride,^® 
or from phosphine and bromine. It forms colourless cubic crystals 
which sublime at about -f30° The heat of formation of the solid 

from the gases PII^ and HBr is -23 Cals., while that evolved when 
the initial materials are bromine (liquid), hydrogen and phosphorus 
(solid) is -^44T Cals.^^ 

Phosphonium Iodide, PIIiI, is the most stable of these com- 
pounds, being formed by direct union of the gases at ordinaiy tempera- 
tures and atmospheric pressure with the production of a crystalline 


* Ao/fi. — A crystalline liydrate is said to be formed under high pressures — sec under 
Solubility of rhospiiine,*'' 

^ Tammann, Zeiisck. EJchtrodicia., 11*02. 8, loS. See also -Skinner, Proc, Poi/. Soc., 
1SS7, 42, 2So. 

- Ogier, Co'nipt. rend., 1879, 89, 705. 

^ Scheffer. Zeitsch. physikaL Ckem., 1909, 71, 214. 

^ vaifft Hoff', Pcc. Trac. chi?n., 1885, 4, 805. 

^ Skinner, Froc. Roy. Soc., 1887, 42. 283. 

vanh Hoff, Joe. rit., and Ber., 1885, 18, 2088. 

" Taminann, " Kry.sfaJ. u. SchmelzenP Leipzig, 1903. 

Briner, Cornpt. rend., 1906, 142, 1214, 1416. 

^ vanff Hoff, loc. cit. 

Tammarin, loc. cif. 

Briner, loc. cif., and J. CJiirn. phy,<., 1006, 4, 267, 476. 

Briner, loc. cit. 

Johnson, J. Amer. Chen). Soc., 1912, 34, 877, 

Serullas, A/ui. Chun. Phys., 1831, [2], 47, 87. 

Ogier, Cornpt. rend., 1879, 89, 705. 

Besson, Compt. rend., 1896, 122, 140, 1200. 

Bineau, Aiui. Chim. Phys., 183S, [2], 68, 430. 
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compound.^ It ma}' also be made by a considerable number of reactions 
bet\veen phosphorus, iodine and water. These substances may be 
heated togetlier in a retort: — 

2P ^ I, + 4PIoO == PH J -f- H 3 PO 4 - PII 2 

Or the vrater may be allowed to drop on to phosphorus triiodidc or on 
to a mixture of phosphorus and iodine.^’ ^ The preparation of a small 
quantity is most conveniently effected as follow'S : — 

10 grams of phosphorus are placed in a retort with a wide tubulure 
through which is passed a tap-funnel and a delivery tube connected 
with a source of dry carbon dioxide. An equal weight of carbon di- 
sulphide is added, and then 17 grams of iodine. The carbon disulphide 
is then distilled off in a current of carbon dioxide by placing the retort 
in a basin of warm water. The mouth of the retort is then connected 
with a wide tube which fits into the mouth of a wide-mouthed bottle, 
which is also connected with a draught exit to draw off the uncombined 
hvdrogen iodide. 8-5 grams of water are then placed in the tap- 
funnel and allowed to drop slowly on to the phosphorus and iodine. 
The phosphonium iodide which sublimes into the wide tube is afterwards 
pushed into the bottle — 

51 9P -e I 6 H 0 O = 5 PH 4 I -r 4 H 3 PO 4 

Phijsical Properties , — The crystals appear to belong to the cubic 
system and were so described by the earlier investigators. They are 
really, however, tetragonal,^ the ratio of the longer axis to the shorter 
axis being 1 : 0*729.® X-ray photographs showed that the dimensions 
of the unit cell were 6*34, 6*34, 4*62 A,® and that the space-lattice was 
very similar to that of the form of ammonium chloride which is stable 
at low temperatures. The density of the solid is 2*860.^ The dissocia- 
tion pressures are tabulated on ]). 80 and reach one atmosphere at about 
-r62° C. The heat of formation of the solid from gaseous ^ phosphine 
and hydrogen iodide is -^24*17 Cals., and the heat of decomposition 
by water giving gaseous phosphine and a solution of HI is -f4*77 
Cals. 

Chemical Phosphonium iodide is hydrolysed by water, 

and is still more rapidly decomposed by alkalies, giving phosphine and 
an iodide. The phosphine is displaced by ammonia giving ammonium 
iodide,® and even by ethyl alcohol giving ethyl iodide, with phosphine 
in both cases. ^ It is hardly affected by aqueous acids, except those 
wHich are also oxidising agents. 

As might be expected, phosphonium iodide acts as a reducing agent 
in most cases, although it is not oxidised by oxygen or air at ordinary 
temperatures. Chlorine water gives phosphorus a.nd and chlorine 

^ de ]a Billardiere, loc. cit. 

“ Seriillas, loc. cd.; Rose, Pogg. Annaleyi, 1832, 24 , 154; 1S39, 46 , 636. 

2 Hofmann, Trans. Cliern. Soc., 1 S 7 ], 24 , 380. 

^ V. Bayer, Annalea., 1870, 155 , 266; Holt and Hvers, ZeitscJi. anorg. Chem., 1913, 
82 , 281. 

^ Wagner, Zdisch. Krijsi. Min., 1911, 50 , 47 . 

® Dickinson, J. Ayner. Ckeni. Soc., 1922, 44 , 1489. 

" Ogicr, Avi/i. Clnyyi. Phys., 1880, [ 5 ], 20 , 5 . 

Messinger and Engels, Per., 1888, 21 , 326. 

^ Serullas, loc. cit. 

Cain, Chern. A ties, 1894, 70 , 80. 
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DISSOCIATION PRESSURES OF PHOSPHONIUM 
HALIDES.- 

Phosphon i urn Chloride, 

Solid, amorphous^ 


rC. . , ' -80 -00 -45 

p{mm.) . : 7-8 50-4 lOG-0 



Solid, 

crystalline.^ 


\ t^c, . 

1 -SO 1 

- CO j - 40 

: -'20 

JO (mm.) 

1 

1 9-6 ! 

i 1 

6-2-0 ! 2S4 

] 

1260 I 

1 i 


Solid, crystalline.^ 


1 P C. . 

0-0 

i 

I 

lS-2 

28 -2 

1 p (atm.) 

1 

8-9 

1 22-6 

1 

48*7 

1 


Liquid. 


P C. 

! 

25-0 

j 1 

30-0 7 ! 

40-0 

1 45-0 

i 

49-1 X 50-1 1 1 

p (atm.) . 

; i 

45 ^ 

49 2 1 

61-0 2 

67-5 2 1 

72 *72 7 5-0 2’ , 


Phosphoninm Bromide, 

Solid." 


f c. . 

-80 : 

-24 

! 0-0 

p (mm.) 

1 ; 

8 

56 § 

i 


Liquid."’ ^ 


PC. . 

7-5 

19-0 

31-6 38-8 

JO (mm.) 

101 

222 

507 ; 794- 

PC. . 

7-6 I 

: 19-8 

34-3 ; 

JO (mm.) 

llS-6^ i 

266-8 - 

602 


* Only a selection of the values is given. 

^ Tammann, Kryst. u. SrJnn(:Izf:/(p Leipzig, 14)03. 

t Triple point. j; Critical temperature. 
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Phosiohoyimm 

Iodide. 


Solid. 1-2 



i 

ec. . 1 

p (mm.) . 1 

15-0 
86-0 1 

19*2 

50*0 

^ 30-0 : 

; 107-8 1 

50-0 

308-1 

62-6 ^ 60-0 
760-0 ; 917-5 i-* 

\fc. . ; 

j p (mm.) . 

0 i 

82 

1 

11*4 

21 

; 24*4 ! 
i 74 ■ 

j \ 

45*8 ; 

286 ' 

56*4 : . . : 

536 2 ^ 

; i 


gas gives similar products at first, while an excess gives PCI 5 even at 
fow temperatures.^ Chloric, bromic and iodic acids and their salts, 
silver nitrate and nitric acid oxidise it with inflammation." Carbon 
disulphide at temperatures above 140^ C.'"^ is said to give P(CH 3 ) 3 HI. 


Liquid Hydrogen Phosphide. 

The analysis of this compound shows that it is hydrogen hemi- 
phosphide, (PH 2 )a;j molecular weight corresponds to tetra- 

hydrogen diphosphide, P 2 H 4 . 

This liquid, which is the cause of the spontaneous inflammability 
of phosphine prepared by methods (a), (b), (c) (pp. 69, 70), was isolated 
by passing through a freezing mixture the gas resulting from the action 
of water upon calcium phosphide.^’ ” The condensate was a mobile 
liquid having a density of about 1*01 and vaporising between 30° 
and 40° C. The boiling-point at 735 mm. was found to be 57° to 58° C., 
and on careful distillation there is no residue.® The vapour density 
(probably of the products of decomposition) is 74*73 to 77*0 and the 
empirical formula is PHo ; hence, on the analogy of hydrazine the 
constitutional formula has been written as = P -P = Ho. 

The compound is unstable and decomposes when heated ,* when 
kept it changes slowly in the dark and quickly in the light into the 
gaseous and solid hydrides. Since 100 parts by weight give 38 parts 
of the solid and 62 parts of the gaseous hydride this decomposition 
may be represented by the equation 

5PH2==3PH3.-P2H® 

Preparation. — This is best carried out in a Woulfe bottle having 
a capacity of about 3 litres and furnished Avith three necks, through 
one of which hydrogen is admitted. Through anotlicr pieces of calcium 
phosphide are introduced into water, and the third is fitted Avith the 
exit tube Avhich is cooled by a rellux condenser and connected Avith a 
spiral tube terminating in a AAmsh-bottlc, the AA'hole of Avhich is immersed 
in a freezing-mixture. Uncondensed gas is ignited in a draught. The 

^ Smith and Calvert, J. Anitr. Clie.in. Sac., 1914, 36 , 1 .S 77 . - Johnson, loc. ell., p. 77. 

* The pressures were obtained b^- the isoteni^^eopo. 

3 Stock, JBer., 1920, 53 , S37. -i Seriillas, Joe. cit. 

^ Drechsel, J . ■jrrakt. Chtm., 1874, [ 2 ], 10 , ISO. 

6 Thenard, ComjA. rend., 1844, 18 , 652; 1844, 19 , 313. 

’ Hofmann, Ber., 1874, 7 , 531. 

® Gattermann and Hausloiecht, Ber., 1890, 23 , 1174. See also Croullebois, Cora-pt. 
rend.. 1874, 78 , 496, S05. 
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b()ttle is warr.ied to a;,)oiit G()~ C. in a water-bath and the calcium 
p]ios])hide added as retnaired. 100 grams of Ca^Po give 3 to d c.c. of 
liquid ])iiosphideX 

Solid Hydrogen Phosphide. 

A yellov/ solid is funned during the decomposition of potassium 
phosidride l)y v.'atei\“ a’ld tliis solid is formed in main' other reactions 
whieli yield tlic otiier hydrides, possih^ly as a secondary product re- 
sulting from tlie decomposition of the hcTuiphosphide by water (see 
p. SO). It is also ioimcd by the exposure of phos'plninc to light, and 
is one of the products of the action of chlorine imon phosphine. 

PreparatlGn.^- — The mixed hydrogen pliosphides generated by the 
action of water on calcium ];lios])hide, in a 3 -litre Cask through which is 
])assed a current of carbon dioxide, are passed through a condenser to re- 
move most of the water vapour and then through a scries of wide glass 
tubes ]:!aeked with granular calcium elilcride (v'hich must leave no residue 
when dissolved in hydrochl(<ric acid). The tubes are protected from 
tlie light by rolls of paper. After the whole apparatus has been filled 
with carbon ciioxidc, the calciuni phcspliide is introduced into the flask 
in amount sufieient to give a layer about 1 cm. deep. A steady stream 
of ])hosphine is evolved at 60 “ C., the s]3ontancously inflammable part 
of which is immediately decomposed by the calcium chloride with de- 
jmsition of the solid hydrogen diphosphidc. Tlie escaping gas is led 
directly into the Hue and burnt. The solid spreads througli the tubes 
and appears in tlie final wash-bottle, which contains hydrochloric acid. 
The apparatus is then again (illed. with COo and the last calcium chloride 
tube detached and used as the first of the next repeat o]:)eration. The 
contents of the calcium cliloride tubes are dissolved in cold dilute 
hydrochloric acid. Tlie hydrogen pliosphide, which usually floats, is 
filtered off, washed with ice-cold water, then withalcoliol and with ether 
which lias been redistilled over sodium. This dissolves a little of the 
conumund to give a yellowish colloidal solution. The solid is filtered 
off, centrifuged, dried for 12 hours in a vacuum desiccator over P2O5, 
and kept iu a closed vessel of brown glass in a desiccator.^ 

Properties. — The diphosphide is a yellow |)owder, which is taste- 
less, odourless and insoluble in most solvents. It decomposes in the 
light giving phcs]diine, and is easily decomposed by heating in an 
atmos]:»here of hydrogen. It ignites in air at temperatures between 
10(P and 200“ C. 

The empirical formula is (PoH),..^ The molar weight, deduced from 
the lowering of the freezing-point of white phosphorus, corresponds to 
the formula Piolig*” '-^"ke density is 1-83 at 19 "" C.-^ The heat of 
formation from v\diite phosnhorus and hvdrogeii is given as -f 35 '-i 
Cals.s 

^ Gattermann and Ilausknecln, Inc. at. 

~ Rose, Annaloi, 1S2S, 12, d49. 

3 Leverrier, Ann. Chirn. Pliys., 1833, [2], 60, 174: Ibid., 1837, [2], 65, 266. 

^ ytock, Rottchor and Longer, />-/•.. 1909, 42, 2847. 

^ Sohenck. Bcr.. 19n3, 36. 990, 42o4: St 00k, Rottchcr and Lender, ibid., 1909, 42, 
2839. 

Thenard, luc. cd.. and Couipt. n-.nd., 1847, 25, 892; Schenck, Ber., 1903, 36, 991, 
4204: Amat. Ann. (Jhini. Bhn.-i.. 1891. Oh. 24. 338. 
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Chemical Reactions. — P 12 H 6 is dissociated when heated above 
70^ C. in an indifferent gas — into its elements at 175° C, in COo,^ or 
into phos})horus and phosphine at 215° C. The ignition temperature 
in air is 120 ° to 150° The only liquids which dissolve it without 
decom})osition are phosphorus and PoH^. It dissolves in ammonia 
at -40° C, with evolution of phosphine. After evaporation of the 
ammonia a black solid is left which appears to be an ammine of a 
higher hydrogen phosphide. Like the other phosphides it is easily 
oxidised by halogens, chlorates and nitric acid.'^ 

The hydrogen of this phosphide appears to have a slight acidic 
character, since the phosj)hidc dissolves in alcoholic alkalies giving 
deep red solutions which contain polyphosphides, similar to those 
which are formed by the action of alcoholic alkali on finely divided 
scarlet phosphorus. These compounds are easily hydrolysed by 
dilution, or by the addition of acids, with the precipitation of a yellow 
or reddish mixture of solid hydrogen phosphide and scarlet phosphorus 
(which possibly contains a suboxide or 

Higher Phosphides of Hydrogen. 

When the diphosphide is gradually heated to 175° C. m vacuo, or 
when its ammoniate is heated, a reddish powder is formed to wLich the 
composition PglL has been assigned : ^ 

oPioHg = 6P9H2 + 6PH3 

This compound is fairly stable in dry air, but in moist air is converted 
into phosphine and phosphoric acid. It dissolves in liquid ammonia. 
A phosphide P 5 H 2 ^Iso been reported.^ 

Some hydroxyphosphides are formed also by oxidation and hydro- 
lysis of a mixture of phosphorus and phosphorus trichloride,'’" or bv 
the hydrolysis of tetraphosphorus diiodide, P 4 I 2 , Avhen this is boiled 
with water.^ The solid to which the composition P^H.OH has been 
assigned dissolves in alcoholic potash giving hvdrogen and the potassium 
salLPiH.OK. 

The Alkylphosphines. 

On account of the instability of the phosphines and phosphonium 
salts, the hydrogen valency of phosphorus is more clearly displayed 
in their alkyl substitution products which also, as is usual, posses^s a 
more pronounced basigenic character than the hydrogen compounds 
themselves. The methods of preparation of these compounds, and 
their properties, closely resemble those of the alkylamines. 

The tertiaiy alkylphosphines were discovered by Thenard in 1845,^ 
and the primary and secondary by Hofmann in 1871. All may be 

^ Leverrier, Airn. Chim. Phys., 1837, [2], 65 , 266. 

‘ Thenard, Leverrier, loc. cit. 

^ Schenck, Igc. cit. 

' Stock, Bcr., 1903, 36 , 1120; ibid., 1908, 41 , 1603. 

^ Stock, Bottclicr and Lcng-er, loc. cit. 

c Hackspill, Compt. rend., 1913, 156 , 1466. 

' Gautier, Ann. GJmn. Phys., 1873, [dj, 76 , 49 . 

^ Tranckc, J. pra/d. Ghern'., 1887, [2J, 35 , 341. 

* Le. when combined with HI, CHgl, etc. 

^ Thenard, BerzeliuP Jahre-sbericlit, 1845, 26 . 698. 
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prepared by i^eiieral methods — by the action of iDhosphoninni iodide 
on alkyl iodides or on aleoliols, and by the action of zinc alkyls on 
phos]Dhorus tricliloride. The ])riinary and secondary alkylphosphines 
arc obtained as crystalline double salts with zinc iodide when the alkyl 
iodides are heated to 150^ ('. witli phosphoninm iodide in tlie presence 
of zinc oxide. Tlie ]nriiriary base is lirst liberated as a yas {PH2CH3) 
or as a volatile liquid (PIIoCoII^) on the adLiition of water, and is 
distilled off and condensed. The secondary bases PiCTI;3)2H and 
P((’2ll^)2lf can be set free l^y the addition of notassiuni hydroxide to 
their hydriodides. The tertiary bases are ]>repared (as hydriodides) 
by heating phosplionium iodide with alcohols (CH3OH, C2II5OII) at 150^ 
to 180^ C'., and also by the action of zinc alkyls on phos'phoriis triehdoride. 

The boiling-points of alkylphosphines rise with inereasiiig molecular 
weight, as is usual in homologous series : — 


Primary. Secondary. Tv-rtiary. 


Boilirw- 


Boiline- 


poi nt, 
^C. 


point, 

C. 


Boiling- 

point, 

= C. 


Methvlpho^;phine — 
P(CHAPlo 
Ethyl— 

P(C\HdH, 
/.^ooropvl — 

* P{C3He;H, 
/sobutvl — 
?(C,Hg)Ho 


Dimethyl — 

-14 PiCHeH -:25 

Diethyl — 

-25 ' P^e.R^Kri So 

Dimonronyl — 

41 ; PChHOP ns 

■ Dinoainvl — 

62 ' PdhHo.uH 210 


Trimetliy] — 
P<CH3)3 

Triet ryl — 

pt;k 3)3 



Aikyliodides of the quaternary phosphonium bases are made by 
heating (to over 150"" C.) the theoretical proportions of the aleoliols 
with phoS|)honium iodide, thus : — 

4CH3OH -r PH J = P(CPH) ,1 - dHoO 

They are well-crystallised salts, easily soluble in water, and highly 
dissociated even at dilutions of 32 litres to the mol.^ The bases, 
liberated by the action of silver oxide on the iodides, are also liighly 
dissociated, and therefore behave as strong alkalies. Tims, in the 
case of P(CH 3)^011 :~ 


V ' 16 64 256 litres per mol 

A I 214 ' 221 ; 223 


(BredigA) 

The mobility of the ion is 42*3, that of P(C2H5)4~ 32*7, the 

mobility diminishing with increasing addition of - CHo - to about 23 
in the ease of P(6'5H;^j_)(CcH5)3" (/.S'oamyitriplienylphosphoniiim ion). 
Alkylphosphines differ from the corresponding ammonia derivatives 
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bv the great case with which they are oxidised even by atmospheric 
oxygen, ^either with spontaneous inflammation, as in the case of some of 
the less’ alkylated members, or with the formation of phosphine oxides, 
as in the case of trialkyl]-)]iosphines. Thus oxygen at ordinary tempera- 
tures combines with P‘(C2H5)3, givdng P(CoH5)30, which may be distilled 
witli steam. 

TncfJiidphosphine Oxide may be made in cpiantity by heating 1 part 
of phosphorus with 13 parts of ethyl iodide in a sealed tube at 175°- 
180° C. The product is distilled, first with ethyl alcohol to remove 
excess ethyl iodide, and then with concentrated potash, which removes 
the 1001116*^0110 oxidises the compound. Thus 

P(C J!5)4l - KOH ^P(C2H5):30 - KI - CoHe i 

Triethylphosphine also combines with sulphur with evolution of 
heat to give the eorres])oiiding trictliyl2)hosphine sulxphide, 1^(021-15)38, 
a very stable com])ouncl, which can also be made bv oxidation, or by 
hydrolysis, of the curious addition compound P(CoH5)3.CS2, a red 
crystal'iine solid which is itself made by direct union of P(C2H5)3 and 
CSo. The oxidation is effected by silver oxide, according to the 
equation 

P(C2H5)3CS2 -2Ag20 = Ag2S -f 2Ag -1- COo -f P(CoH5)3S 

The hydrolysis occurs at 100° C. and yields the oxide as well as the 
sulphide : — 

4P(C2H5)3CSo + 2 H 2 O = 21 ^( 00115)38 ^P(C2H5)30 +P(CoH5)3CH30PI 

-3CSo 

The structural formulae of these compounds, whether written with 
the usual bonds or with valency eleetroiis, are clearly quite analogous 
to those of the alkyl derivatives of ammonia (sec this Volume, Part I.). 
Thus the presence of- even one methyl group enables the phosphorus 
to accept a hydrogen ion from hydrogen iodide, gi^ung a crystalline 
product which is not dissociated under ordinary conditions ; — 

H H 

H3C p ; +iV-i-r=ii3C p ;U-r>r 

A' Pi 

In the alkylphosphine oxide (and sulphide) the lone ])air of electrons 
on the phosphorus atom eom])letcs the octet of the oxygen (or sulphur), 
as in the case of amine oxides : — 


; o( ; p 


(C2H5 


Oxidation of the primary and secondary alkylphosphines gives alkvl 
acids, and chlorination of these with PC’15 gives the eorres]:>onding acid 
chlorides. These substances are of im]3ortance in elucidating the 
structure of the phosphorous acids, etc. (qxe.), in one tautomeric form 

^ Crafts and Silra. 7’/v///.v 7S7I 
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of which the ])hosphorus is not triva.lcnt, but has the same valency as 
exhibited in phosphoric acid or quaternary phosphoniuin bases. This 
form is iixed in tiie eom] 3 ounds obtained as follows : — 

Vtiien methyl])hosphine is passed into concentrated iiitric acid it 
gives a crystalline dibasic acid fmethv]])hos]dhnic acid), P(CH3)0(0H)2, 
and the action of PC'l5 on this yields P(CTl3)OCioT Oxidation of 
P(CH3 )oH witli nitric acid gives the monobasic dimethylphosphinic 
acid. Corresponding ethyl deriva.tives are also known. ^ 


CHAPTER VII. 


PHOSPHORUS AND THE HALOGENS. 

The Fluorides of Phosphorus. 

Phosphorus Trifluoride, PF3. — Some early indications were ob- 
tained that phosphorus reacted with fluorides of zinc and lead , 2 and 
that the fluoride resulting was a gas.=^ This gas was prepared in 1884 
by heating lead fluoride with copper phosphide in a brass tube.^ It 
is also produced by the action of fluorides of zinc, silver or lead on 
phosphorus trichloride or tribromide."' One of the most convenient 
methods of preparation is by the reaction between arsenic trifluoride, 
which is easily prepared and purified, and jihosphorus trichloride' 
thus : — 

PCl3-AsF3=PF3-fAsCl3 

The apparatus consists of a distillation flask fitted with a tap-funnel. 
The side-tube of the flask is scaled to a condensing wash-bottle, which 
can be cooled in a mixture of solid carbon dioxide and alcohol, and the 
wash-bottle is joined to a condenser which is immersed in liquid air. 
After the whole apparatus has been thoroughly dried, the arsenic 
trifluoride is allowed to drop into the trichloride. The vapours of 
these two compounds are removed in the first condenser, and the 
phosphorus trifluoride is solidified in the second.^ 

Phosphorus trilluoride can also be made by the action of lead fluoride 
on phosphorus trichloride " and by the decomposition of the penta- 
fluoride by means of electric sparks. 

The composition has been established by the x apour density and by 
analysis (e.g. with silicon, see p. 87). The fluoride is a colourless gas 
which does not fume in the air, and is highly poisonous. It condenses 
to a colourless liquid at - 95° C. and freezes to a white solid at ~ 160° C. 
The heat of formation is 106-2 to 109-7 Cals.^ per mol, therefore much 
greater than that of the trichloride, and the trilluoride also proves to 
be the more stable of the two compounds. It can be deconpiosed bv 
electric sparks with deposition of j^kosphorus and formation of the 
pentafluoride, thus : — 

^ Davy, P/iiL Trans., ISOS, 98 , 43. 

- Dumas, Ann. Chmi. Fhys., 1826, [ 2 ], 31 , 433, 

^ 51aclvor, CJitni. Seics, IS To, 32 , 258. 

^ Moissan, Lc Fluor et scs Coui.^jOscs,'' Stcinlicil, Pans, 1900; also CornjA. rend., 1SS4, 
99 , 655, 970. 

" Hoissan, ConijA. rend., 1885, 100 , 272, 1348; ibtd., 1886, 102 , 763, 1245; ibid., 
1886, 103 , 1257; ibid., 1904, 138 , 789. 

Moissan, Ann. Chirn. Fhys., 1885, [ 6 ], 6 , 433. 

^ Gimtz, CoT/ipt. rend., 1886, 103 , 58. 

® Berthelot, 5L, Ann. Chirn. Fhys., 1885, 61 , 6 , 388. 
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5PF3 = 3PF5-r‘2P 1 

It can be reduced by heating with hydrogen : — 

PF3+3Ho = PH3-i-3HF 
and also by heating with silicon or boron : — 

4PF3 -r 3Si = 3SiF. -r -iP 

but is not reduced by heating with sulphur, phosphorus or arsenic. 
It is not affected by the metals eo])per, mercury, iron, cobalt and 
nickel at ordinary temperatures, but the same metals give phosphides 
at a red heat.- It is completely absorbed by sodium at the melting- 
point of this metal. ^ 

Phosphorus trifiuoride is easily oxidised. Although it does not 
burn in air it can be exploded with oxygen by electric sparks, one 
volume of the gas mixed with half a volume of oxygen giving one volume 
of phosphorus oxyfluoride : — 

PF3~^0,=P0F3 

It combines vigorously with all the halogens giving mixed pentahalides 
(^.le). It is hydrolysed very slowh' by cold water, rather more quickly 
by boiling water, and quickly by aqueous alkalies, giving in the last 
case alkali fluoride and phosphite. It was considered by Moissan ^ 
and by Berthelot that the first product of hydrolysis was a fluophos- 
phoric acid the potassium salt of which was fairly stable. 

Phosphorus Pentafluoride, PF^. — This compound was discovered 
by Thorpe, who prepared it by the reaction between AsFg and PCI5 : — ^ 

oAsFg ^ 3PCI5 = 3PF5 -f 0ASCI3 

The same method and precautions may be adopted as already described 
for the trifluoride. The first condenser is, however, kept at about 
“60° C. The pentafluoride can also be made by heating PCI5 with 
PbFo/ or by combining PF3 with Bi’o and warming the product : — ^ 

5PF3Br2=3PF5 A2PBr5 

The pentabromide being a solid is easily separated, and it only re- 
mains to free the gas from a small quantity of bromine by allowing 
it to stand over mercury. It can be made similarly from PF3CI0G 
It is produced, together with some PF3, by the action of fluorine upon 
phosphorus.^ 

Phosphorus pentafluoride is a heavy colourless gas with an un- 
pleasant smell ; it strongly attacks the skin and respiratory tract. 
Unlike the trifluoridc it fumes strongly in air and is rapidly absorbed 
by water. It neither burns nor supports combustion. It does not 
attack dry glass at room temperatures. The density is -i-o (air==l) 
according to Thorpe and Moissan, and the formula is established from 

^ Moissan, loc. cit., and " Le Fluor et ses Composes.'' 

- Granger, Compt. rend., 1896, 123, 176; 1895, 120, 923. 

^ Moissan, " Le Fluor et ses Composes.'' 

^ Berthelot, An?i. Chim. Phys., 1885, [6], 6, 358. 

^ Thorpe, Annalcn, 1876, 182, 201; Proc. Roy. Srjc., 1877, 25, 122. 

® Guntz, Joe. cit. 

' Poulenc, Ann. Chun. Phys., 1891, [6], 24, 548. ^ Moissan, loc. cit. 
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this and the analysis. It condenses to a colourless liquid at — 75 ° C. 
and freezes to a white solid at - 83 ° C. 

This compound is by far the most stable pentahalide of phosphorus. 
It is not dissociated by moderate heat or weak sparks from an induction 
coil, but on strong sparking it gives PFo and Fo, the hitter attacking 
the glass. The small exten^of the dissociation is showm by tlie fact that 
the pentafluoride does not I’eact with z^oainyl alcohol at the boiling- 
point of the latter. 1 It is not attacked by oxygen, fluorine or iodine. 
With dry ammonia it forms an ammine, PFs.aXIT.^,^ and with XoO^ 
an addition compound PF5.X204.'^ It is completely hydrolysed by 
water (or alkalies) giving phosphoidc and hydro tluoric acids (or their 
salts). It is not reduced by heating with phosphorus or sulphur. 

Mixed Fluohalides. 

Phosphorus Trifiuorodicliloride, PFgCh. — This compound is 
best prepared by mixing equal volumes of the trill uoridc and chlorine 
confined over mercury, and allowing the mixture to stand for some 
days.^ The volume diminishes to one half, and the composition and 
moleculai’ weight of the product are thus determined by Gay-Lussac’s 
law and by the densitiq viz. 5-4 (air = l) : — 

VF.^^CU=PF/C]o 

It is a colourless gas with an un])leasant odour, and does not burn 
or support combustion. It condenses to a liquid at - 8° C. When 
heated to over 200° C. it decomposes according to the equation 

5PF3CI0-3PF5 H-2PC15 

It is much more easily reduced than the pcntalluoridc. Hydrogen 
combines with the chlorine at 250 ° C. leaving PF3. Many metals, 
e.g. aluminium, magnesium, tin, lead and iron, decom])ose it similarly, 
forming chlorides but not decomposing the triliuoride. Sodium absorbs 
it completely. Sulphur cojubincs with the phosphorus and the chlorine, 
giving PSF3 and S0CI2. Hydrolysis with a limited amount of water 
sj^lits oil the chlorine lirst, thus : — 

PF3CI2 +II2O = POF3 + 2IICI 

Phosphorus Trifioorodibromide, PF3Br2, was first produced 
by passing bromine into ])hosphorus triliuoride cooled by a freezing 
mixture. It is a pale brown fuming licpiid wliicli freezes to a yellow 
solid at -20° C. and decomposes at ordinary temperatures in a similar 
manner to the dichloridc : — 

5 PF 3 Br 2 = 3 PF 5 + 2PBiq 

On complete hydrolysis it gives H3PO4, IIF and lUhv"' 

The corresponding diiodide, PF3I2, is jurobably formed wlien the 
triliuoride is absorbed by iodine. It is a yellowish-red solid. 

^ Lucas and Ewing-, J. A'/ntr. Chin. Soc., 1927, 49 , 1270. 

^ Thoi'pc, Idc. cit. 

^ Tassel, Coifi'pt. rtiuL, 1890, no, 1264. 

Hoissan, Lt Fluor ei ses CoDqjosts'''; Poulenc, Arm. Chlni. Fhy,s., 1891, [ 6 ], 24 , 548. 

^ Hoissan, Le Fluor et ses ComposesF 
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Fluophos'phoric Acid.— The tendency of fluorine to replace oxygen 
in oxy-acids, which is exemplified in such compounds as hydrofluo- 
boric acid, is shown to some extent in the acids of phosphorus. The 
existence of alkali Iluophosphatcs has already been alluded to (p. 87 ). 

Saits ot fluophospi^Loric acid are prepared by the action of alkali 
fluorides on })liosphorus pcntachloride. The reaction between NH4F 
and PCI5 proceeds with some violence at 80 °- 110 '' C. The 'product, 
NH^PFe, is dissolved in cold water, precipitated by nitron acetate, 
and again converted into the ammonium salt by the addition of am- 
monia and extraction of the organic base with chloroform. The alkali 
fluorides, KF and NaF, gave less violent reactions and smaller yields 
of fluophosphate. These salts resemble perchlorates chemically and 
halides in crystalline form.^ 

The Chloetdes of Phosphorus. 

Phosphorus Dichloride, (PCI2),,. — By the action of a silent electric 
discharge upon a mixture of the gaseous trichloride and hydrogen a 
liquid was obtained vvdiich, after filtration to remove a yellow solid and 
distillation under reduced pressure, proved to have a composition 
corrcs])onding to PCU. It decomposed quickly on heating into PCI3 
and a yellow solid, boiled whth decomposition at about 180 ° C. and could 
be frozen to a solid which melted at - 28 ° C.^ 

Phosphorus Trichloride, PCI3. — The action of chlorine on phos- 
])horus was investigated by Gay-Lussac and Thcnard,^ and also by 
Davy. ‘ It was sliown that the ])hosphorus burns with a pale flame 
and that both a licjuici and a solid compound are produced. The 
preparation of tlie })urc liquid alone (namely, the trichloride) is best 
carried out in a, retoi't (filled with dry carbon dioxide), the bottom 
being covcaxal by a, layer oi* sand. The dry and clean yellow phosphorus 
is introduced and meUed \n a current of dry carbon dioxide. The 
retort is kept in warm water and a current of dry chlorine is intro- 
duced through the inlet tube, which shoidd be adjustable to the dis- 
tanc‘C‘ above* the* ])h()sp,liorus which gives a brisk but not too violent 
rc*a('tion. The distillate may be purified by redistilling with a little 
y(*dL()w phosphorus.'*' 

Phosj)horus may also 1)0 combined to form the trichloride by passing 
its vapour ovc-r jnereurous or mercuric chloride^ or cupric chloride,^ 
or by passing I he vapour of suiplmr monochloridc over phosphorus,® 
or by iK'ating rc‘d phosphorus with sidphuryl chloride.' It is possible 
to prc'pare it dirc'ctly from calcium })hosphatc by heating this with 
silica, and cha,rca)al and ])assing over it the vapour of sulphur mono- 
chloride; : 

•iS.Clo V Ca(P03)o -2FCI3 -t CaClo + 3SO2 + 5 S ^ 

‘ La.n,L^(i and x'nri Kruc^ia', .1 65, B, 1253. 

“ Besson and I''oin*ni(;r, Compi. rc/uL, IDJO, 150, 102. 

Ua.y- Inis.sac; and ddicnard, '' IxccJuyrdtCH ])hysic.o-rJii')ii Paris, 1811, 2, 176. 

Davy, /Vc/. J 8 1 0, lOO, 231,- ibid., 1811, lOi, 1. 

* TIh', pi*ec.aul ions wlucli aro napiirod to secure absolutely pure halides of phosphorus 
are referjxal to in the section on '‘At()rnic Weight” (pp. 45-48). 

^ Gladstone;, rkil. 18-H), 35, 345. 

do Claubry, Ami. Cfiirn. J-^hyd., 1818, [2], I, 213. 

Kochlin and lieumann, JJer., 1883, 16 , 479. 

^ Budnikoli and Shiloii, J. Soc. Che/n. P/id., 1923, 42 , 378T. 
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Reactions of some theoretical interest which give the trichloride 
are : — 

{a) Heating phosphorus in a sealed tube with HCl : — 
2P-r3HCl=PCl3-fPH3 1 

{h) Reduction of the pentachloridc by hydrogen and some metals, 
(c) Reduction of the oxychloride with charcoal at a red heat : — 

POCl3 + C=PCl3 + CO 2 


Physical Properties , — Phosphorus trichloride is a colourless liquid 
which boils at 76"^ C. and freezes at about -100° C. The vapour 
density and the analysis correspond to the molecule PCI 3. The liquid 
fumes in moist air with decomposition. It is immiscible with water, 
but is completely hydrolysed by it forming hydrochloric and phos- 
phorous acids. 

Gaseous PCh^, — The vapour density has been determined as 4-7464 ^ 
and 4*75 ^ {air = l). The thermal expansion is 0-00489 from 100° to 
125° C. and 0-00417 from 125° to 180° C.'"' The specific heat is 0-1346 
to 0-1347 between 111° and 246° C.^ The refractive index for the 
D line is given as 1-001730.^ 

Liquid PCl^, — The density has been determined by several investi- 
gators with the following results in grams per c.c. at 0° C. : — 1-6119 
(Buff),' 1-6162 (Pierre),^ 1-61275 (Thorpe).^ The densities can be 
calculated as the quotients of the density at 0° C. divided by the 
relative specific volume for other temperatures, i,e. as Di = I)QlVi, in 
which c'i, the coefficient of expansion, is given by the equations of 
Thorpe (below) or that of Pierre.^ The mean coefficient of expansion 
between 0° and 75° C. is 0-0013436,'^ and the specific volumes from 
0° C. to the boiling-point are given by the equation 

- 0 0(1 4- 0-0011393^ -f- 0-05l668()7if2 0 -()s4()12^3) 

Henee the volume at the boiling-point 75-95° C. is 1-09827 times that 
at 0° C., and the molar volume at the boiling-point is 93-34. 

Another series of results has been continued to a lower temperature, 
so as to include the density of the solid : — 


; u c. 

-95 

^ -95 -80 -50 ' -30 

0-0 

+ 20 

\ 1) . 

1-9036 

1-7876 1-7601 1-7046 : 1-6671 

1-6128 

1-5778 

1 

' Solid 

1 

1 Liquid > 




1 


^ Oppenheim, Bull. Soc. chi'ui., 18(54, [2], i, 163. 

^ Puban, Bull. Soc. cliiru., 1883, [2], 39, 14. 

^ Rognaull, Compt. rend.^ 1853, 36, 676. 

Dumas, A nn. Ofilni. Phys., 1859, [3], 55, 129. 

^ Troost and Hautcfeudle, Co'/wpt. rend., 1876, 83, 333. 
^ Mascart, Go-nipl. rend., 1874, 78, 801. 

” BuH, Ann. Snppl., 1866, 4, 152. 

® Pierre, Ann. Chiia. Phys., 1847, [3], 20, 5. 

^ Thorpe, Trans. Cliem.. Soc., 1880, 37, 141, 327. 
Koerber, Ann. Physih, 1912, 37, 1014. 
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An estimate of the limiting density at -273'' C. is 2*11927, and this 
has been estimated to decrease with rise of temperature according to 
the equation ^ 

D, = 2*11927 - 0*00189994r + O-OgllSSr^ 

The compressibility of the liquid at 10 * 1 ° C. between 1 and 500 
atmospheres was found to be 0*0^72. ^ At 20 ° C. the relative volume 
of the liquid was reduced from 1*0234 to 0*9862 by a pressure of 
500 kilos, per sq. cm. and further to 0*7763 by 12,000 kilos. ^ 

The vapour pressure measurements of Regnault were expressed 
by the equation 

log 79 = 4*7479108 -3*1684558a0 (between - 20 ° and +50° C.) 
in which log a = 1*9968895 ; or by ^ 

log p = 1*2112[5*6885 - 1000(0 + 228)~i] 

The dielectric constant ® at 22 ° C. is 4*7. 

The boiling-point at normal pressure has been given as 74° to 78° C. 
b}^ different investigators. It is very close to 76° C. The carefully 
determined values of Thorpe ^ are: — 75*95° C. at 760 mm. and 76*25° C. 
at 768 mm. More recent values are 75*5° C. at 763 mm.® and 75° C. 
at 749 mm.® 

The latent heat of vaporisation is given as 9*0 Cals, per mol at 
0 ° C. and 6*9 to 7*1 at the boiling-point. The constant Qlv/Tt 3 =20 
is therefore normal. 

The critical temperature has been given as 285*5° and as 

290*5° C.i® 

The mclting-] 3 oint is low, from -111*5° to -90*0° C.® 

The surface tension, as determined by Ramsay and Shields,^® was 
28*71 dyncs/cm. at 16*4° C., and 24*91 dynes/cm. at 46*2° C. Molar 
surface energies corresponding to these are 562*3 and 499*8 ergs re- 
spectively, the decrease in molar surface energy per degree being 2*097, 
which is about the normal value. More recent determinations over a 
larger range arc : — 


f c. 

.1-70 

-20*5 

0 

+ 20*8 

35*2 

1 

75-1 » 

D . 

1 *711 

1 *653 

1*613 

1*574 

1*547 

1*475 

a 

. ■ 37*4 1 

31*6 

29*3 

27*3 

25*8 

21*9 


The value of the ])arachor has been given on p. 53. 


^ Timmcrinanns, Bull. Boc. chim. 1923, 32, 299. 

^ Amagat, A)in. Chiui. 1893, [6], 29, 68. 

^ Pridgman, J^roc. Auier. Acad., 1913, 49, 64. 

Rogiiault, loc. ci.t., and Phil. Mag., 1853, [4], 5» 41^- 
Antoine, Cornpl. rend., 1888, 107, 681, 778, 836. 

® Walden, Zeiinclb. phy-dkal. Chem., 1910, "JO, 569. 

Thorpe, loc. cit. 

^ Walden, Zeilsch. anorg. Chc/n., 1900, 25, 211. 

Jiiger, Zeilsch. anorg. Chem., 1917, loi, 172. 

Regnault, loc. cit. Andrews, Phil. Mag., 1848, [3], 32, 321. 

Pawlcsosky, Bar., 1883, 16, 2633. 

Ramsay and Shields, Trans. Chem. Soc., 1893, 63, 1089. 

Wroblewsky and Olszewsky, Wied. Annalen, 1883, 20, 243. 
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The refractive index of the licjiiid n has been determined at several 
wavelengths A (in microns = 10“”^ mm. 


I A . . 0-2G:3 0-298 0-394 ' 0-589 . 0-7G8 

I 7?, . . 1-6G4 l-5908;3 1-54274 1-51215 1-50340 


These results may be compared with the following : — ^ 

A =0-486 0-589 0-759y 

n =1-525 1-516 1-506 

The molar depression of the freezing-point for the trichloride in 
benzene ^ is 0-636'" and the molar elevation of the boiling-point in the 
same solvent is about 4-5^. 

Chemical Froioerties . — Phosphorus trichloride mixes with organic 
liquids such as benzene and nitrobenzene,^ as also with the ox}-- 
chloride, and with sulphur without reaction at ordinary temperatures. 

In many respects the trichloride behaves as an unsaturated com- 
pound. Although it does not burn in the air it seems to absorb oxygen 
to some extent and also ozone, giving the oxychloride.’^ 

It is oxidised bv sulphur trioxide,®’ bv concentrated sulphuric acid 
(to HP 03 ),'-^ by SOClo,^ SeOClo"^ and KCIO,,!^^ as follows 

PCl 3 .-S 03 = P0Cl3-rS0.> 

PCI 3 -i- 2 II 0 SO 4 = PIPO 3 -r H.SO 3 CI -I- SOo -h 2HC1 
3PCL> -^SOClo =POC:i 3 4 -PCI 5 -rPSCl 3 “ 

3PC] 3 SSeOClo = 3 POCI 0 -r SeCl^ -h ScoCl. 

3PCI3 -r KCIO3 = 3POCI3 T KCl 

The halogens convert it into penta-compounds. Thus fluorine gives 
PF 5 and cldorine PCI 5 . The action of bromine varies with the con- 
ditions ; substitution may occur, giving, c.g. PCloBi^.^, as well as PCI. .Pro 
by addition.^-' Iodine may form a chloroiodide.^'’^ Bromine and 
iodine together act vigorously according to the equation : — 

PCI 3 + 5Br 4 - 1 = PBr^ + ICI 3 

Phosphorus trichloride is chlorinated by selenium tetrachloride : — 
6 PCI 3 -!- 7ScCl^ = 3 (PCl 5 )o.SeCl 4 4 - 2 SC 0 CI 2 


1 Gt-ictslone and Dale, PhlL^ Trans., 1S63, 153 , 317. 

- Marlc'ii.s, Vtrh. J)riil.<(:h. jfhys. 1902, p 14S. 

^ Sucfclha^cn, " JHspers. Jlv.,ss. trichlonde,''’ Berlin, 1905. 

L’lckenne, Bcr., 1891, 24 , 1-1G9. 

Kolo.s.^nw sk\', J. Chv'ni. phys., 1927, 24 , 58. 

Odlinir, " Ma/iwtl of ClK-z/iistry,'" London, 1861. 

' Lctnsnn, ximar. J. Pci., 1876, [3], ll, 365. 

Arnist.rone, Pruc. Hoy. Sue., 1870, 18 , 502. 

•’ M nOiac'li.-^, Jicr., 1872, 5 ? dJ 1 ; A ri/ialcn, 1S72, 164 ? 39. 

‘'J Dcrvin, (.'(an pi. rcmL, 1883, 97 , 576. 

‘ Moissaii, " Lr. I'laor cl ,sY '.5 dom jtoses ' Gcutlier, Bn 'iicdtii, 188/, 240 , 20S. 
Stern, Che///. Sue., 1886, 49 , 815. 

l’nn\ ault , Coutjil. rnal., 1872, 74.. 869. 

WiclKahaus, Bar., 1868, i, 80. 

51()(>1, lUr., 1880, 13 , 2029. 

Glad.stono, Trans. Chein. Soc., 1851, 3 , 15. 
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by antimony pentachloridc : — 

2SbCl5 -f PCI3 =PCl5.SbCl5 H-SbCl3 1 
and by sulphur monochlori.de : — 

3PCI3 SgCU ==PCl5 -f- 2PSCI3 2 

It chlorinates arsenic (in the presence of a little AsCL^) at 200^ to 300 ° C., 
also antimony,-^’ phosphine*'^ and arsine,^ giving phosphorus in each 
case. 

The reaction with cold water normally gives a solution of phos- 
]diorous and hydrochloric acids : — 

PCI3 + 3 HoO = H3PO3 -f 3 HC 1 ' 

Intermediate stages in the reaction have been noted, such as the 
production of phosphoiyd monochloride, PC Cl, with small amounts 
of water.® The solution produced at first has stronger reducing power 
than the final solution, which was attributed to a frst production of 
P(0I-I)3 with subsequent change to the tautomeric 0PPI(0H)2.'^ 
In eoncentrated or hot solution subsequent decomposition of the 
phos]:)}iorous acid may take place with the production of ])hosphoric 
acid and red phosphorus, which change has been represented by the 
equation 

4H3PO3 4-PCI3 =3H3P04 P 3 HC] -r2P 10 

The velocity constant of the decomposition, since tins takes place at 
a surface of separation of two immiscible liquids, is that of a imi- 

molccular reaction, log "acvS, in wlheli a is the quantity 

of liquid and S is the reacting surface. 

Phos])horus trichloride is used in numerous reactions wdth organic 
conqmunds containing hydroxyl to rcjilace this radical by (‘hlorinc ; 
by this niean.s, for c.xami)le, the chlorides of aliphatic* alcohols, etc. 
may be obtained. The other ])roduct is phosphorous acid. 

Heats of liydrolysis and solution in much water arc given as 
G 5 - 1 1 Gals.,^“ 62-3 (hds.,'^® 63*3 Cals.^* Using these and other data the 
heat of formation of the liquid trichloride from solid ipliosj^horus and 
gaseous chlorine is 73-3 Gals.,^'”^ 76 ’G (Als.,^"^ 75-8 ('als.^^ 

1 Kolik'r, K. Akad. 1S80, 13, 875. 

“ Michadis, Idr'., JS72, 5, 411; A^rnalcn, IS7l>, 164, 39. 

ItralTl arul Xeuinanii, 7>V'r., 1901, 34, 5()5. 

’ .Baudnniont, Axnn. Ch.'nri. Phy.s\, 1S{)4, pi I, 2, 5. 

" Ma.lin, Zeilsch. Cham., 1809, [2J, 5, 720. 

rJanowsky, Sifzu'/i[/sl)('.r. K. A Lad. T't7s.9. Wtfni., 1873, 6, 210. 

' -Davy, rlill. Trans., 1810, lOO, 231; ibid., 1811, loi, 1. 

« Besson, Coau'pt. rand., 1890, iii, 972; 1890, 122, S14-; 1897, 125, 771, 1032; 1901, 
132, 1550. 

'• MilcOiolI, Tra>is\ Chenn. Snc., 1925, 127, 330. 

Krani, J. Chatn. Coc.., 1871, 24, ii, GOO; Ann. Clihn. Idiann., 1871, 158, 332. Soo 
al.so GcMilhor, Bar., 1872, 5, 925. 

(’arrai-a and Zof)|)('!ari. CazzaUa, 1890, 26, i, 493. 

4dir)i'ns(‘n, lirr., 1873, 6, 710; 1883, 16, 37. 

l-3ivi’(- and Billxannann, J. Bharni. Chi-m., 1853, [3], 24, 231, 31 I, 412, 
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By the action of ammonia on phosphorus trichloride in carbon 
tetrachloride ammoniates such as PCI3.6NH3 and PCI 3 . 8 NII 3 have been 
obtained.^ On heating, these ammines are decomposed with the 
formation of a phosphamide and ammonium chloride. 

Phosphorus trichloride reacts with liquid hydrogen sulphide to 
produce phosphorus trisulphide at ordinary temperatures^ 

Phosphorus Pentachloride, PCI5, is produced by the action of 
excess of chlorine upon the trichloride until the mass is completely 
solid, and was thus prepared by Davy.^ Its composition was estab- 
lished by Dulong’s analysis, but the vapour density was found to be 
lower than the value which corresponds to siirqde molecules by 
Avogadro‘s law. The observed densities were 5-08 at 182"^ C. and 3-G5 
over 300" C.,^ the latter density being about half the theoretical, 
namely, 7*22 (air = l). This was one of the earliest known examples 
of abnormal vapour densities, and the abnormality wms rightly attri- 
buted to a partial or nearly complete dissociation of the compound 
into PCI 3 and CU- This dissociation is shown by an increasingly 
greenish-yellow colour in the vapour, originally colourless.^ In 
accordance with the law of concentration action the dissociation was 
diminished by vaporising the compound in an atmosphere of PCI3 in 
such a way as to increase the partial pressure of this vapour.® The 
measured density of the PCl^ was thus brought nearer to the normal 
value (see also p. 95). 

The pentachloride is best prepared in a stock bottle provided with 
entry and exit tubes for the chlorine and a tap-funnel for the trichloride 
and cooled externally. It is kept filled with chlorine, into which the 
trichloride is introduced, drop by drop. 

Another convenient method is passing chlorine into a solution of 
the trichloride in carbon disulphide. The pentachloride is then 
precipitated.' 

Physical Properties. — The density of the liquid under the pressure 
of its own vajoour was determined by means of a glass dilatometer, 
into which was melted a suitable quantity of the eom])ound and whicb 
was then evacuated and scaled. The volume of tlie Ii([uid was read 
at various temperatures. The weight was o})tained by difference, as 
well as from the weight of silver chloride wliicdi was obtained from the 
contents after hydrolysis.^ Anotlier method whicli was found suitable 
for this hygrosco]tie substance emjdoyed glass floats about .5x1x1 rum. 
which were heated in scaled tubes containirrg the licprid until tlicy 
sank. They were calilrratcd b}^ means of similar observations in a 
suitable mixture of brornoform and benzene.-^ J^y the first method 
the density of the liquid by a slight extrapolation was foiuid to be 
I'COl at its boiling-point. The specific volumes were given by the 
equation 

^iGo rt — '^’i6o(I O-OOlOv /) 


1 Pcrporot, Corript. revel., 1925, i8i, 602; Bull. Soc. chint., I ;)25, [iv], 37, 1540. 
^ Ralston and Wjlkinson, J . Amer. Chr.rn. iSoc., 1928, 50, 258. 

^ Davy, J'rans., ]<S10, lOO, 23]; 1811, lOI, 1. 

*• Ciihoiirs, Co'uipl. rend., 1845, 21, 025; ibid., ISOG, 63, 14. 

Dcville, Corv'pl. roid., 18()3, 56, 195, 322; ISOG, 62, 1 157, 1807, 64, 71.3. 
Wnrtz, CemipL rend., 1873, 76, Ool. 

7 Muller, ZeiiscJi. Chern., 1862, [1], 5, 295. 

® Ld'ulcaux, 'J^rcnis. Chtm. Soc., 1907, 91, 1711. 

^ Sugden, Trans. Clitin. 80 c., 1927, p. liSd. 
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The specific volumes wei^e 0-629 and 0-6433 and the corresponding 
densities 1-590 and 1-554 at 160° and 181° C. res})cctively. By the 
second method the density was given as 

Dt - 1-624 - 0-00208(/ - 150°) 

From this the densities are 1-603 and 1-559 at 160° and 181° C. 
respectively. 

The sublimation temperature has been estimated at 160° C.P 160° 
to 165° C.,^ 162-8° C.^ A thermometer susjicndcd in the vapour of 
the compound which was subliming freely and condensing on the bulb 
showed 160° C.^ An extrapolation of the vapour pressure curve (see 
below) would give a somewhat higher temperature. 

The melting-point (166-8° C.) ^ lay only slightly above the sublima- 
tion temperature. The liquid which had been foiancd in a closed tube 
under the pressure of its own vapour began to solidify at 162° C.'^ 

The coefficient of expansion of the liquid is stated above. 

The dissociation pressure (total) at various temperatures, based on 
measurements with the isoteniscope — ^ 


c c. . 

90 100 

110 ' 

120 . 

130 

140 ' 

1 50 i 

160 

p (mm.) 

D (grams per 

18 i 35 

67 : 

117 , 

191 

294 1 

445 ' 

670 

c.c.) . 

0-0,197 0-0,382 

0-03569 j 0-0,9291 


0-032286 

p-0o344S 0-0o4913 


may be used to calculate the heat of va])orisation with dissociation — ^ 


f C. 

. ' 90 too 

no 

120 

i 140 

150 

160 


Q . 

. 1 14-2 15-6 

16-6 

1 16-9 

; 15-6 

14-9 

14 -9 ! C 

nls. ])cr mol 


The critical temperature deternhned in the usual manner by obser- 
vation of the disappearance of the meniscus, was Found to be 372° C. 
The ratio between the boiling-point and the critical tcm]:>erature on 
the absolute scale was found to be normal.^’ 

Dissociation . — The relative density (air — 1 ) diminishes rapidly with 
increase of temperature, as is shown by the tables above and below. 
At lower temperatures the density correspoiuls wdtli single undissociated 
molecules PCI 5 , and at 90° C. there is even a slight degi-ee of association. 


RELATIVE DENSITIES OF FCI5 VAPOURd 


PC. 

182 

200 

1 

. 230 

250 

274 

800 

827 

886 

Rel. Density (air — 1 ) 

5-078 

4-851 

! 4-;io2 

3-991 

3-840 

8-674 

8-()56 

8-656 

Per cent, dissociation 

41-7 

4 8-5 

1 67-4 

80-0 

87-5 

96-2 

97-8 

97-8 


1 Casselmann, Annalai, ]S52, 83, 257. 

- Xaumann, Be.r., 1859, 2, ,845. 

^ Smith and CaJvcrt, J. ylwcr. Chon. Sac., 1914, 36, I8(),‘). 

Pr-ideaux, Trans. Chon. Sac., 1907, 91, 1711. 

Smith and Lombard, J. Anu-r. Chon.. Sac., 1915, 37 , 2055. 

° Prideaiix, Trans. Farada.y Sac., 1910, 6, 155. 

' Cahours, Ann. Ckvm. Fhys., 1848, [8], 23, 829; Corn-pL rtnd., 1860, 63, 14. 




96 


PH0SPH0EU8. 


DISSOCIATION PRESSURES OF PCl,.i 


f c. 

Gram-mols. PCI 5 

90 

100 

120 

140 

IGO 

per litre 

O-OgOia 

0*00159 

■ 0*00440 

0*01096 

0-023G8 

Pressure in mm. 

18 

35 

117 

294 

()70 


In this table the theoretical numbers of grain-mols. PCl^ per litre if 
there were no association or dissociation ha\'e been calculated from the 
formula 

273 X p 

Ti — 

T x 760 x22-;3 

Total ])ressures of the o'aseous products in c(|uili])rium with hTl^ can 
be represented from the foregoing results by the cepaation 

G7‘>4-22 

log 'p = 19-1 078 log T -i- 68'0701 

The total molar heat of vaporisation is ealcidatcd from tins equation as 
in the second table, p. 95. 

By a comparison of the actual with tlic theoretical densities the 
degrees of dissociation, x, the partial }>ressurcs, yp, of PC’l^, 

PCI 3 and Clo, respectively, and their concentrations can be; determined. 

The equilibrium constant A expressed as a fuiKdion of 
temperature by means of the equation 

, 21798 

log A , = - 7 ~ - 1 1 -50 

“ 4•57IT 

By appl 3 n’ng the C'lapeyron e({uation tlu‘ lu^at oi dissoePd ion, Q, of 
PCI 5 was found to be 21*8 Cals, per mol.- 

The heat of formation of solid PCI 5 fi-om. its (‘icnncmts in tluar usual 
physical states is given as ; 014)9 Cals.-^ or 109-2 ('rds., ‘ wliilc; tiu^ hc'a.t 
of decomposition by water is 123- 1 or 118-9 (fds.'^-'’ 

The liquid PCI 5 lias a \a*ry low conduct i vity, boili in ( he* pure* sia[(‘ 
and when dissolved in sonu^ soK'cnts, e.g. in bcn'/iau^ or PCI.,, bui. (lie 
solution in nitrobenzene was found to liavc' a. (heiniix- low eonduel i\ ily 

ChonAcal I' ro'pcrtAes.— -The chlorine is disphuaxl IVom phosphorus 
pcntachloridc hy fluorine with gri^at evolution of' basit and tlu; forma- 
tion of PFj.^ Bromine has no action, f)ut iodifU' is convert, (al into 
ICl, which gives an addition conifiound PCl-.K'l with more; of the 
PCl^.^ 

On account of its ready dissociation tlu; pcnta.cliloricu; is a. most 

^ Smith nnd Loinbafd, J. A imr. (Jh( in. Son., 11)19, 37 , Coar). 

" Molland, Zcilnrh. KhAS/ orhi /ji 1 !)! 2 , 18 , t. 

^ TlK^rnsC'ii, " Alicrtnorficntinh ij," 1 raiishitcd by Miss nijt’kc, Lotietn;; ns, 1S)0S. 

Ber! Ik'JoL and lAiLsinin, ('ompL rend.. 1S72, 75 , lUO, dad., ISTS, 86 , S.ld. 

■’ and Biltz, Zcilnnh. (inor(j. Chmi., 11)21, 133 , 277. 

Hoirovd, Trons. CHum. Son.. ii;2r), 127, 2-192. 
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powerful chlorinating agent. Examples of this action on the non- 
metals are as follows : — 

Sulj^hur gives PSCI3 ^ and also reacts according to 

PCl5-f2S^SoCl2 4-PCl3 2 

Selenium is converted into the monochloride : — 

PCl5 4-2Se=^Se2Cl2+PCl3 » 

Liquid hydrogen sulphide gives PSC^.^ 

Arsenic is converted into the trichloride : — 

6PCI5 -f TAs = 4ASCI3 + 6PCI3 

Antimony reacted in a similar manner.'^ The metals, even the noble 
metals, are converted into chlorides, but at higher temperatures 
phosphides may be formed. 

With acid anh^Hrides oxychlorides of the non-metal and of phos- 
phorus are usually formed. Thus NO 2 gives NOCl, POCI3 and Clg.® 
Sulphur dioxide even when dry reacted when heated with PCI5, giving 
thionyl chloride : — 

PCi5-f-SOo=SOCl2 + POCl3 ^ 

Sulphur trioxidc, w'hen warmed with PCI5, is slowdy converted into 
pyrosulphur^d chloride : — 

PCI5 -t 2SO3 = S2O5CI2 + POCI3 8 

Selenium dioxide was found to give first a mixture of selenyl and phos- 
phoryl chlorides ; the latter compound then chlorinated the selenium 
comj^letely, the final result being the transference of the whole of the 
oxygen to the phosphoms and the chlorine to the selenium: — 

SCO2 4-PCI5 =SeOClo +POCI3 
3ScOClo -f 2POCI3 = P2O5 -r 3SCCI4 

Phos])horus ])cntoxide gives phosphoryl chloride, possibH through an 
intermediate addition conipound.^^ In the case of phosphorus tri oxide 
a rcducir\g action was evident, phosphorus trichloride being formed 
along witli the oxychloride. ^2 reaction with arsenic trioxide and 

probably witli arsenic pentoxide was found to produce AsCL and at 
the same time phosj)]ioryl chloride in the case of the pentoxide. xhe 

^ GL'uEt.onc) and Eolmos, Mdfj., 18-19, [3J, 35, 343; Tratis. Chem. Soc., 1851, 

3, 5; J3a,udranont, /oc. ciL 

- Groldschmidl, Chem. 1881, [3}, I2, 489. 

^ Baiidi'irnont., Aiiii. Ghini. Phys., 186-1, [4], 2, 5. 

^ Ralston and Wilkinson, J . Anitr. Chmri. 8oc., 1928, 50, 258. 

Bandrnnonl, Joe. oil.; Goldschmidt, loo., oil. 

Muller, Aiina.leii, 1862, 122, 1. 

“ Kromor.s, AumUioi, 1849, 70, 297; Rersoz and Bloch, Coriiyd. rend.y 1849, 28, 86, 289. 
^ Houinann and Kdclilin, Her.y 1883, 16, 479. 

Micliaclis, Aivnalen, 1872, 164, 39. 

Bakunin, Gazzctla, 1900, 30, [ii], 3-40; Persoz and Bloch, loo. cit. 

SchiH, Anm/le/i, 1857, 102, 111; ZteU-ich. anorg. Chew,., 1894, 7, 91. 

Thorpe and Tutton, Proc. Roy. Soc., J891, 59, 1019. 

Hurtzig and Geuthor, Annalen, 1859, in, 159; Michaclis, loo. cit. 



98 


PHOSPHORUS. 


oxides of boron and silicon were both chlorinated to BCI3 and SiCf^, 
respectively, on heating v/itli PCI5, preferably in sealed tubesd 

■Metallic oxides as well as metals are usually eonverted into chlorides 
by the pentaehloride, while metallic sulphides usually give the chlorides 
and phosphorus sulphides. 

Although PCI5 is a saturated compound it is capable of forming 
addition compounds. Among those which have been described are : 
PCI5.ASCI3, PCl5.AsCl5,2 PCls.SbCds,^ 2PCl5.3Hga,^ PCl5.FeCl3, 
PCl,.CrCl3.'^ 

Several ammoniates have been described. A white crystalline sub- 
stance, PCI5.8NH3, was precipitated when ammonia was passed into a 
solution of PCI5 in CCI4.® 

A most important class of reactions in which PCh^ plays a part is 
its hydrolysis by water or other compound containing the hydroxyl 
group with the substitution of chlorine for hydroxyl. Complete 
hydrolysis with an excess of water gives orthophosphoric and hydro- 
chloric acids : — 

PCI5 + flip - H3PO4 + 5 HC 1 

The heat of hydrolysis is 12:3*4 Cals.,^ 118*9 Cals.® Steam may produce 
in the first place phosphoryl chloride, thus : — 

PCI5 + HoO = POCl 3 -t 2 ITC 1 

The formation of chlorosulphonic acid, S02(0H)C1, as well as of 
pyrosulphuryl chloride, S2O5CI2, by the action of PCI- on sulphuric 
acid has given important information as to the constitution of this 
acid. 

Phosphorus ])entachloride is one of the most powerful reagents by 
which the hydroxyl of organic compounds can be re]:)laccd by chlorine. 
Alkyl chlorides, HCl, from alcohols, and acid chlorides, HCOCl, from 
acids, arc often prepared by this method. The pentaehloride is thereby 
converted first into the oxychloride, POCI3, which may itself be used 
for tlic substitutio]! of OH by Cl. 

Tiie structure of PCI- is considered under the heading “ Phos])horus 
in Combination’’ (Chap. IV.). 

The Chlorobromides. — Phosphorus trichJoride is only ])artially 
miscible with bromine ; two layers arc formed, wliich, on the addition 
of iodine, combine with evolution of heat and the formation of a reddish 
solid I'cscmbling PPiv — 

PCI 3 -r 2fBr2 + Uo -PBr- ICI3 

A mixture of PC'13 and Biv in molecular proportions when moder- 
ately cooled (to 10'’ C. or thereabouts) deposited crystals having the 
com[)osition PC'l3Br2. These melted at C. with dccom])osition and 
sc])aratiou into t^vo layers. The com]:)ound rcscmbkrs ])hosphorus 

^ (UisniA'Soii, B(r., 1870, 3 ^ 990; Weber, A)Lital(‘.it, 1859, 107 , 575; J. 'pr<ilct. 

1S59, [Ij, 77 , 05. 

- Cronander', Htr., 1875, 6 , 1406. 

2 W'eher, lo/'. at. Bandrimont, loc. cit. Cronander, loc. dt. 

Besson, Co)Npf. rv.iid., 1890, III, 972; 1892, 114 , 1264. 

‘ Tlunnsen, liar , 1885, 16 , 57. 

Bertlielot and Lua'jnin, Courpt. rend., 1878, 86 , 859. 

Gladstone, Trcnia. Cheni. ISoc., 1851, 3 , 15. 

Wichelhaiis, Arinaden SiippL, 1SG8, 6 , 277; Stern, Tranr:. Chern. Soc., 1886, 49 , 
815; Hicliachs, Her., 1872, 5 , 9, 412. 
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pentabromide [q.v,) in appearance. When brought into contact with 
water it is said to give first HOBr, HBr and PCI 3 , also POBrg and 
POCI 3 A 

At lower temperatures still more bromine can be combined, giving 
compounds such as PClgBi'g by displacement of chlorine and PCUBiyA 

Many other addition compounds have been reported by various 
workers. By mixing bromine with phosphorus trichloride, heating on 
the water-bath and then cooling to about -5° C. brown needle-shaped 
crystals have been obtained, the analysis of which leads to the formula 
PCl 3 Brg.^ By allowing this compound to stand with PC’lg in a sealed 
tube for some davs red crvstals separated which had the composition 
PClgBr^.^i 

The Chloroiodides.— By allowing PCI 3 to stand with an excess of 
iodine, crystals were obtained having the composition PCl 3 l.’^ 

Iodine monochloridc or trichloride was found to react with PCI 3 
giving orange-red crystals of PClgl, which, by their formation, are 
probably constituted as PCI 3 .ICI 3 . The compound sublimed with 
partial decomposition and deliquesced in moist air with hydrolvsis of 
the PCI 3.6 

The Brouides of Phosphori's. 

Phosphorus Tribromide, PBr 3 , was first prepared by Balard 
who added bromine drop by drop to yihosphorus. The reaction is 
violent, but may be moderated by the use of red phosphorus, by 
carrying out the reaction in CSo solution,^ and hy introducing the 
bromine as vapour.*^ On account of the formation of volatile phos- 
phorus compounds it is advantageous to ha.vc an excess of bromine, 
which is easily removed by distillation, any phos]:) horns ]Dcntabromide 
also being decomposed during this operation. 

It is generally ])rc])arcd by dropping bromine from a ta,])-fi.innel on 
to red ]dR)S])horus in a. llask.^^ d'he initial reaction occnirs with Hashes 
of llame, and ('xternal coolii\g is desirable. Afterwards the bromine 
is diluted by the PBi’g a.nd the combination proceeds less vigorously. 
If the ])hos])lK)riis is in (excess a little remains dissolved in the tribromidc, 
which must he fra,ctionally distilled aftca' the addition of a slight excess 
of bromine. The reaction (*a.n also be carried out in the ])i'cscnce of 
benzene. 

rhos])horus ti’ibromide is a. (‘olourlcss liipiid whicli is often slight!}-^ 
turbid in the cold but becomes clear on warming. It fumes in the air 
and is hydrolysed in a similar manner to the trichloride. 

Plijjslcal Properties .- — The density at 0° C. is given as 2-0240,^^ 
2 -02dll and 2*023. The density at the boiling-point, 172*0° C., is 
2 * lOa Id (see also ])p. 51, 100). The vapour density, 135*14 (11 = 1), 
corrcs])onds to simple molccrdes P]h’ 3 .^‘^ 

' Wiclielliaus, Inc.. ciL; Couiher and jMic-hadis, Jc/ia ZcU., JS70, [ L ], 6, 242. 

- Stor'ii, loc. cU. Prinva.ult, (.InnijtL rend., 1S72, 74 , SOS; Hicdiaclis, 1 (jc. clt. 

Triiivault, loc. cii. (Moot, 1880, 13 , 2030. 

*’ Baiidriniont, An,)!.. Chini. Ptiys., 1804, [1], 2, 8. 

' Ann. Chi/n. J^hys., ] 820, [2j, 32 , .337; 1S04, [4], 2 , 5. 

® Kckiilc, Airnnlcn, 180)4, 130, 10. 

^ .Lichen, AiiriaJcn, 1 808, 146 , 244, Pjiuti', Ah.'h. Chhri. PJry,^., 1847, [3], 20, 5. 

Sohcnck, .Per., 1902, 35, 3.74; Chnstonianos, ZelPch. anorg. Cheni., 1904, 41, 270. 

^ ‘ Pierre, Ann. Ghha. Phys., 1847, [3], 20 , 5. 

Thorpe, Trans. Chern. Soc., 1880, 37 , 144, 327. 

Jager, Zeitsch. anorg. Che.in., 1917, loi, 173. 


Cliristomanos, loc cit. 



100 


PHOSPHOEUS. 


The coeflicicnt of expaiision has been expressed the equation 

t;, =z’o(l 0-065 4 2 892/2 ^O-OglSSOSb*^) 

between 0° C. and the boiling-point. Equations of this type have 
also been obtained by Pierre.^ Pt.elativc volumes obtained from 
Thorpe’s equation are : 

C. . . : 0 i 40 I 100 172-9 

i: . . : 1-000 ^ 1-0348 | 1-0901 1-1714 


Other values for the boiling-point are 170-2*^ at 750 mm . ,2 17 * 2 ° C. 
at 752 mm.,^ 176'' to 177'' C. at 772 mm.'^ The eompoimd solidifies at 
-41-5° C.,'"' -50° and melts at - 10° 

The following table gives relations botv/een the suiTace tension and 
temperature : — 


SURFACE TENSIONS, DENSITIES AND MOLAR 
SURFACE ENERGIES OF PBro. 


f c. 

- 20 

: 0 i 20-8 

50-3 j 75-7 

99 -S 154 

L70 

D 

. : 2-972 

2-923 ^ 2-S71 

2-790 • 2-735 

2-07() 2-5-12 

2-502 

a 

. i 45-8 

44-7 43-2 

^ 41-3 : 3S-9 

3o-0 28-1 

26 :i 

g{ Fn 

)-/3 . 927-0 

9] 0-8 894-7 

870-0 : 832-1 

•781-4 (537-9 

i5!,7.0 


Another series of results was determined with tlic olqcet of calcu- 
lating parachors (see p. 53). 


PARACeORS OF PBr.,. 


f c. 

24 

33 

59-5 

72-0 

D . 

2-SS3 

2-861 

2-795 

2-7^ 

CF 

•1-5-8 

41-1 

38-1 

37-! 

■ 

2bl-4 

24-1- •() 

2 11-2 

2-1.2-0 


The critical temperature- is calculated to he- 111'-' {'/ 

Tlie I'cfi’active index of the iiepiid for Uk- ]) line (/q,) is l-fiOlO at 
19-5° ( .^ 

The dielectric constant at 20° (4 is 3-88.'^ 

Cliernical Pro 2 )crt'ics. — The energy liberatc-d during I lu- combination 
of phosphorus and bromine to J‘orm l^Er.j is mamrc-st.ly less than in the 

^ Loc. at. 

^ Jager, loc. c.il. 

^ ^\'al(lon, Zf'ilsch. (dionj. Chfon., 25 , 211. 

^ Sugdcag Id'ot and Wilkins, '^r/O/ts. ('fioin. Xoc:., 15)2.“), 127 , ir) 2 .“). 

Jagcf, loc. c/L; (‘hristonianos, loc. ciL 
rlager, loc. at. 

(Snldhovg, Chrisliavld V ed . Sdek., 1882, 20; Zdl.'<ch, ])h/j.-<i.k<il.(t}r(.i//., 1 S 5 )(), 5 , STS. 

® Cliristomanos, loc. cit. 

^ Schlandt, J . Physical Chan., 1902, 6, 157, 503. 
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corresponding case of PCI3. This is confirmed by measurements of 
the heat of combination — 

P (solid) -f-ipro (liq.)==PBr3 (liq.) + 42*6 Cals.^ 

The superior aJiinity of chlorine for phosphorus is shown by the 
fact that this halogen displaces the bromine from PBr.^ giving PCI3. 

An excess of bromine combines with PBr3 giving the highly dis- 
sociated PBr^ (q.v.). 

Oxygen has no effect in the cold, but when passed into boiling 
PBr3 a vigorous and sometimes explosive reaction ma}^ take place 
with the formation of bromine, POBi’g and P205.“ 

The hydrolysis is complete and gives phosphorous and hydrobromic 
acids. The heat of hydrolysis was found to be 64 T Cals./ i.e. nearly 
the same as that of PCI 3. 

Hydrogen sulphide was found to react with PBr3 in a somewhat 
similar manner to water : — 

2PBr3 -f3H2S =PoS3 GlIBr ^ 

Ammonia gave first an ammine and then an amide. 

Phosphorus tribromide attacks cork, rubber, wood, etc. It also 
reacts with hydroxylatcd compounds such as alcohols, and even with 
ether. It mixes freely witli chloroform, benzene, etc., as well as with 
AsClg, SnCl^, etc. 

Phosphorus Pentabromide, PBr-. — In the presence of excess of 
bromine phosphorus can form not only tiic pcntaliromide but also, 
according to the thermal diagram, other ])crbromides.^ It was dis- 
covered early that the presence of sonic iodine greatly facilitates the 
combination, probably by the formatiem of ICI3, thus : — 

PCI3 -i- Ho t- 5 Br =PBr3 ™ 1^3 " 

It is also produced by the decomposition oi‘ the dibromotrihuoride 
formed when triQuoridc is passed into bromine at -10° C. : — 

5 PF 3 Br 2 3PF5 -e 2PBr3 ^ 

Pro'periie.s . — Phospliorus ]icntabromidc is a yellow crystalline solid 
wliich melts to a red liquid witli decomiiosition. It fumes iji the air. 
A red form lias also been described, but tiiis is ])robal:)ly PBr^.® 

The densities and specific; volumes of tlic liquid under the pressure 
of its own vapour were determined iii a sealed evacuated glass ciilato- 
meten.'* Oju; set of results was as foliows : — 


/° C. . ! 85 100 , 130 1G5 

r . . : 0-3530 0-3G21 | 0-3755 ! 0-3899 

___! ^ ! 

‘ J,5erLliclou and J.iiginin, Anh-. Chlm. 1875, [5|, 6, 307. 

- Clirjrilonianos, loc. clL.; Domoio, JJliU. iSuc. cfiu/L., 1880, [ 3J, 34, 201. 
(jladfttonc, loc. at. 

Besson, Com/pt. rctud., 1800, ill, 072; 1806, 122, Sl-l; J807, 124, 703. 
■’ Balard, loc. cit. 

Jijltz and Jeep, ZeiU'ch. ati.onj. Chttn.., 1.027, 162, 32. 

~ lloissan, Le Fluor ct 6-es Co/fiposesF 
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From these results and others the coefficient of expansion is calculated as 
-Vs5=J-So{l+0-0019(i-85)} 

and 

^Vioo =c^ioo{l -0-0012/}, up to 165° C. 

The vapour is formed vrith dissociation. The pressures of the total 
vapour formed were determined hy a static method. ^ From the results 
it was calculated that the boiling- (sublimation) point was 106° C. 

The heat of formation 

P (solid) -r-2iBr2 (liq.) =PBr5 (solid) -!-6;3-5 Cals.^ 

was found to be greater than that of PBi-o, but less than that of PCI5. 
The additional heat on combination with the last two atoms of bromine 
was found to be small. 

PBr3 (liq.) -l-Bro (hq.) ^PBiq (solid) v20-8 Cals.^ 

The hydrolysis with excess of water produces hydrobromic and 
phosphoric acids. The heptabromide, PBiy, which was prepared by 
subliming PBr- with Bi’o in a sealed tube at 90° C.,^ hydrolyses with 
the production of the same acids and bromine in addition. In the 
presence of a small amount of water the oxybromide POBr.^ may be 
produced. Hydrogen sulphide by an anadogous reaction gave the 
sulphobromidc : — 

PBiq V HoS = PSBiq 2HBr 

The pentabromide may also be used to replace hydroxyl groups in 
organic compounds by halogen. Thus : 

PBr- -f- CH3COOH =POBr3 v CH3COBr v HBr 


An amminc, PBr^.ONIio, was formed by passing dry ammonia into 
a solution of PBiq in 

Tun loDinEs or Pitospitorus. 

Phos]:ihorus reacts energetically witli iodine when heated in contact 
with it, or in dry orgaiiic solvents, giving orange to red crystalline 
jnoducts. Two of these, the diiodide and the triiodide, have been pre- 
pared by various reactions, and their ])ro]:jcrties well asc(;rtaine(i. 

Phosphorus Diiodide, Pol.^, was lirst pre])arcd by fusing the 
constituents in equivalent proportions.^ 50 grams of iodine and 
4 grams of red phosphorus are melted in a flask and, alter ])artial 
cooling, 2-5 grams of white phosjTiorus are added in small picecsd 
Or, equal parts by weight of iodine and phos])horus are dissolved in 
carbon disulphide and the solution is cooled to 0° C., wluai the c.oni- 

^ Pridcaux, loc. clt. 

- Ogicr, Co'nipt. rericL, ISSl, 92, S5. 

^ Kastlc and .'Beatty, loc. cit. 

Baiidrimont, An/i.. Chiiti. Phys., ]8G4, [4], 2, 08. 

'Besson, luc. at. 

^ Gay-Lussac, Arm.. CJiim. Phys., 1814, [ 1 ], 91 , 5; Wurtz, ibid., 1854, [ 3 ], 42 , .129; 
Compf. rend., 1854, 39 , 335. 

" Doughty, J . Anitr. Chtub. Sue., 1905, 27, 1444, 
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pound crystallises. 1 It lias also been prepared by the action of iodine 
on phosphorous oxide : — 

5 P.A + 8I2 = 4- OP2O5 2 

Properties . — Phosphorus diiodide forms orang'c-coloured crystals 
which belong to the triclinic system.^ The analysis gave 
The vapour density, determined in the presence of nitrogen at a 
pressure slightly below 100 mm. and at 265° C., was between 18*0 and 
20*2 (air = l), which corresponds to a molecule 

100° to 120° C. the compound dissociates into PI3 and P.^ The 
melting-point ivas given as about 110° C.^ The heat of formation is 
given as 

P + Io (solid) =PIo ^9*88 Cals.s 

P0I4 can be ignited in a current of oxygen and burnt to phosphoric 
oxide and iodine. The hydrolysis appears somewhat complex and 
yields P, PIT3, HI and H3P03.'^ The jihosphine is a secondary product, 
since by gradual addition to water in the cold neither phosphine nor 
red iihosphorus arc formed : — 

P0I4 +5H2O =4111 -rI-l3P03 -rH3POo 

P0I4 is soluble in CS2 ^md slightly soluble in liquid HoS. At about 
10^0° C. it reacted with IIoS giving HI and a sulplioiodide 1^48312.^^ 

Phosphorus Triiodide. — When solutions of iodine and phos- 
phorus in CS2, in tlic proportions of 8l to P, are mixed, a red colour 
appears and on cooling dark red needles separate. 

Other methods can be used. The action of hydrogen iodide on 
phosphorus trichloride cither alone or in CCI4 solution, or III on POCI3, 
also yields the triiodidc.^’ Or, PI3 can be sc))arated from the products 
formed wiien PCI5 is heated with PIl4l — 

3PCI5 -r 8PII4I =11X3 -r PCI3 s- 12HCI + 4P 

Properties . — Phosphorus triiodidc forms deep red tabular crystals 
belonging to the hexagonal systcin,^ w'hich melt at 55° to 01° C. The 
formula has been established by a,n.alysis and by the va]:)Our density, 
namely, 14-3 to 14-() (air = l) at 250° C. and reduced ])rcssure. The 
heat of formation is slightly greater than that oi‘ tlic diiodidc, thus : — 

P-i-Ulo (solid) =Pl3 (solid) -h 10-5 Cals.i- 


-*• Corcu wiiidoT, A/r/i. (Jhini.. 1850, [3], 30 , 31-2: Aiin.fdtii, 1851, 7 S, 10. 

“ l.liorpo and Tutton, Tra/i.,^, Chrrn. Xor., 1801, 59 , 1022. 

^ XordcTsk jold, liihang. Ahtd. Fork. Aiocktud m, 1871, 2 , 2. 

Corcii winder, loc. cit. 

^ Troosi, Coin/pi. rand., 1882, 95 , 203. 

® 13cs.son, loc. at. 

' Corciiwinder, loc. clL: IXrsson, loc. aL; Ei/’oaiari, Aoicr. Chern. J., 1003, 30 , 110. 
® Oeder, Cron'nl. rtnd., 1881, 02 , 83. 
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The surface tension of the liquid is 56-5 dynes/cm. at 75*3° C.^ The 
dielectric constant is for the solid 3-66, for the liquid 4-12.2 

Chemical Reactions . — The iodine can be replaced by chlorine, using 
either the gas itself or chlorides, such as those of mercuric mercury, 
arsenic, antimony and tin. A sulphoiodide is formed when the triioclide 
is heated with the trisulphide : — 

2PoS3+2Pl3=3PoS2l2 

and the same compound may be produced by the action of hydrogen 
sulphide on the liquid triiodide : — 

2PI3 + 2H2S == 4 HI -f- P2S0I0 

Hydrolysis proceeded in the usual manner giving hydrogen iodide 
and phosphorous acid, bi;t a solid product was formed at the same time.^ 
The reaction with ethyl alcohol gave ethyl phosphorous acid as well as 
ethyl iodide : — 

PI3 + 3C0H5OH = 2C2H5I + 0P(C2H5)(0H)2 -r HI 5 

Like the other halides it reacted with anhydrous ammonia. If 
this was in the liquid form and below - 65"^ C. an amide was formed : — 

15NH3 +PI3 =P(XH2)3 + 3NH,(Ni-i3)3l ^ 


^ Jager, Zaiisch, anorrj. Chtra., 1917 loi, 179. 

2 Schlundt, J. Phystcal Chern., 1904, 8, 122. 

Ouvrarcl, Ami. Chim,. Phy.i.y 1894, [7], 2 , 221. 

Besson, loc. cit.; Corcnwinclcr, loc. oit. 

^ Walker and Johnson, Trans. Oherti. Soc.y 1905, 87 , 1502. 
® Hugot, Coni-pt. rend., 1905, 141 , 1296. 
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OXY- AND THIO-HALIDES. 

Oxy-Halides. 

OxYFLi’o RIDES arc the most stable of the oxyhalides, and the stability 
deereases with inercasing atomic weight of the hcilogen. Special 
methods are used in the preparation of oxythiorides, while the other 
oxy halides can be prepared by general reactions, sucli as the partial 
hydrolysis of the pcntahalides, or the oxidation of the tri halides. 
The compounds fume in the air and readily undergo further hydrolysis 
gi\'ing hydi'ogen halides and oxyacids of phosphorus. 

Phosphorus Oxytrifiuoride, POF 3 . — The production of this com- 
pound by the partial liydrolysis of Plrb or PF^Cb has already been 
mentioned. It may also be juiadc by passing electric sparks tlirough 
a mixture of PF. and oxygen. The first method of preparation con- 
sisted in heating phosphorus pentoxide with a fluoride, such as cryolite.^ 
It is also produced by the action of hydrogen fluoride on phosphorus 
pentoxide. 

It is best prepared by the action of silver, zinc or lead fluoride 
on POClo.-’ ^ The oxychloride is allowed to drop gradually on to 
anhydrous zinc lluoride in a brass tube at 40° to 50° C. The gas passes 
out through a lead tube, then through a condenser at - 20 ° C. to retain 
POCl^, tlirough a tube of zinc cliioridc to absorb the last traces of 
oxychloride, and finally is collected over mercury. 

It is colou]'lcss, with a pungent odour, and fiunes slightly in the air. 
The va])our density is 0-08 to 8-711 (air=='J) and 52-0 (H == j the 
theoretical densities for POF., being 0*00 and 52-0 respectively. The 
gas condenses to a colourless liquid which boils at - 40° C. and iVeezes 
to a white solid at -(58° C. When dry it docs not attack glass in the 
cold, but docs so when heated, altliough. not so strongly as {)hos[)horus 
trifluoridc. On the other hand, whilst the trifluoride was absorbed 
very slowly by water, the oxyfluoride was absorbed very c}uickly. 
Neitlicr gas is completely hydrolysed, a])])eailng to Jbrm fluooxyaeids. 

Fluo-pJios'phoric Acids . — Fluorine is prc-canincnt among the halogens 
in its power of rcjilacing oxygen of oxyacids to form fluoacids, as is 
exemplified by such well-known compounds as lioSiFe. Exam})]es of 
fluoacids are also found among the more stroiigly electronegative 
elements of Groiq) \T B, i.e. sulphur and its congeners. 

^ Sclmlzo, Jinll. /Soc. chltn., 18S1, [2j, 35 , L7:>; Tiiorpo and Haiubly, Trans. Chtrn. 
Soc., 55 , Tab. 

- ^loissan, " J.t Fluor tt ses Co'/nposesA Stoinlieil, Paris, 1900. 

^ Guntz, ContpL. rtncL, 1886, 103 , 58. 
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In the case of phosphorus such compounds as P( 0 H) 30 K.KF may 
perhaps be regarded as belonging to this type.^ 

It has already been noted that the hydrolysis of phosphoryl fluoride 
is not at first complete. It reaches a stage at which the addition of 
“ nitron '' (see this scries, A^ol. Yl., Part I.) gives a salt, CooIIi 6 ^ 4 lIP 02 p 2 
(m.pt. 2S0'5~2S2-rY C. ), of dijluo -phosphoric acid, POFo(OII). The 
ammoniiun salt of this acid has been prepared. The acid is also pro- 
duced when phosphorus pentoxide is fused with ammonium fluoride, 
or when tlie pentoxide is dissolved in aqueous hydrofluoric acid.- 
The last-aientioned solution, when kept at the ordinary temperature, 
undergoes hydrolysis, and with “ nitron ” yields the “ nitron salt 
of hexafluophosphoric acid, ITPF^., the ions of which have also been 
prepared by dissolving phosphorus pentafluoride in cold water. The 
ions, PFy~, are stable towards boiling water. Solutions of the potassium 
salt do not give precipitates with salts of the alkaline earth metals.^ 
Phosphorus Oxychloride. — Phosphorus oxytrichloride or phos- 
phoryl chloride, POCI 3 , was earl}' formed during investigations into 
the action of the pentachloride on substances containing the hydroxyl 
group. ^ It was also prepared by the oxidation of the trichloride by 
air, by oxygen, and by many oxidising agents, e.g. nitrogen trioxide. ^ 
It is also produced by the action of water in small proportion or acetic 
acid on PCl^Bro ^ or by the action of chlorsulphonic acid on red 
phosphorus.^ 

Two convenient methods of preparation arc as follows : — 

(i) A current of chlorine is passed through phosphorus trichloride 
and water is added at the same time, drop by drop. The liquid is kept 
at its boiling-point, and is distilled at the end of the operation, which is 
signalised by the appearance of the pentachloride.'^ 

(ii) 500 granrs of PCI 3 (free from phosphorus) are placed in a tubu- 
lated retort having a capacity of 950 c.c. or more. 160 grams of 
potassium chlorate arc added through the tubulure in lots of about 
4 grams. The POCI 3 is then distilled : — 

3PCI3 -r KCIO3 =3POCl3 -i-KCl « 

The KCIO 3 should be dry and should previously be covered with some 
POCI 3 befoi’c adding to the PCl 3 .'’ Dried oxalic acid may be used as the 
oxidising agent, the wciglit used being half that of the PCl 3 .^^ 

Phosphoi-yl chloride may be produced on a large scale by ])assing 
a mixture of chlorine and carbon monoxide over an inti mate mixture 
of carbon and calcium phosphate (such as charred bone) at to 

340° C. 

Ca 3 (P 04)2 H- 2 CI 0 + 2CO - Ca(PO.0o 2(:Oo 2CaCL> 

Ca(P03)2 + 4 CI 2 -f- 4C.0 - 2P0C'l3^-MC03 -K:aCU 


^ Woinland and Alfa, ZtiL^.ch. (iit.org. Cfu'.ui.., 1891), 21 , 43. 

2 Lanii-e, Rcr., 1927, 60 , [B], 9()2. 

^ Lanae, J-Jer., 1928, 61 , [B], 799. 

^ Wuiiz, Arr/i. Chiw. Pky.-',, 1847, [3], 20 , 472. 

* Geutlic]' and Vichaelis, Btr., 1S71, 4 , 766. 

^ Hcnmanri and Jvoc'hliri, Bcr., 1882, 15 , 416. 

' Vauscheidt and ToLstapialoll, J. Buss. Chent. Aoc., ]92(), 52 , 270. 

* Bervin, Cotirpt. rend., 1SS3, 97 , 576. 

Ullmann and rornaro, Btr., 1901, 34 , 2172. 

Gertardt, Ann. Ckim. Bhyn., 1853, [3J, 37 , 285; 1855, [3j, 45 , 102. 
Riban, Cora-pt. rend., 1882, 95 , 1160. 
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By a similar reaction ferric phosphate is decomj)osed by carbonyl 
chloride at 300° to 400° CA 

Physical Phosphoryl chloride is a colourless fuming 

liquid which resembles the trichloride in appearance but boils at a 
higher temperature, 107° C., and can easily be frozen to a solid which 
melts slightly above 0° C. 

Analysis combined with determinations of vapour density led to 
the formula POCI3A According to the results of many investigators 
the density of the liquid at ordinary temperatures is slightly below 1*7. 
The exact experiments of Thorpe and Tutton gave the following results 
for the density at 0° C., 1*71165 to 1*71185 (1st series) and 1*71185 to 
1*71190 (2nd series), and at the boiling-point, 107*23° C., 1*50967A 
The specific volumes and thermal expansions betwceji these tempera- 
tures are summarised by the formula^ 

Vt = Vq{1 + 0*001064309^ -h 0*05112666/2 + 0*0s5299/^) 

The liquid boils at 107*22° to 107*33° C. at 760 mm.‘^ and at 104*5° 
to 105*5° C. at 783 mm.*'' It freezes at about -10° C. and the melting- 
point of tlie solid was -f 2° C.,® 4-1*78° The critical temperature 
is 329° CA 

The surface tension, as determined by the capillary tube method, 
was given as 31*91 dynes/cm. at 18° C. and 28*37 at 46*1° C.® Hence 
the change of molar surface energy with the temperature is normal. 
Tills physical constant, together with some others, was determined in 
order to obtain the parachor [P]. The sample of POCI3 had a boiling- 
point of 108*7° C. at 769 mm. 

PARACHOR OF PHOSPHORUS OXYCHLORIDE.^ 


15 49 65 

1*690 1*626 1*596 

32*77 28*36 26*57 

217*1 217*7 218*1 

The dielectric constant of the oxychloride is 13*9 a.t 22° 

The licat of formation is nearly twice that of the tricliloridc and also 
greater than that of tlie pentachloridc according to the equation 

P (solid) 4- 1,-0 o (gas) -i-llCl., (gas) =POCl 3 (licj[uid) 4-146*0 Cals .,21 

145*9 Cals . 12 

^ du Pont de Xemours Cic, U.S. Pdlant, 14G2762, 1923. 

2 Wiirtz, lor., oil..; Cahoiir.s, An/i. Ghhn. Phys., 1847, 20 , 369. 

^ Tliorpo, Trd'n.s. Ch.t)n. Soc., ISSO, 37 , lli, 327; Thorpe and Tutton, Trn/i.<. Che.'Di. 
Soc., 1890 , 57 , 572; 1891, 59 , 1019. 

Thorpe, loc. cit. See also under ‘hSurfaco Tension.” 

Ulhnann and Pornaro, loc. cit. 

° .Besson, Compt. rend., 1896, 122 , 814. 

' Oddo, AUi P. Arrad. Lineal, 190.1, [o’], lo, i, 452. 

® Panisay and Shields, TrentS. Chon. Sac., 1893, 63 , 1089. 

^ Sugden, Reed and 'Wilkins, Trdris. Chem. Soo., 1925, 127 , 1525. 

Schlundt, J. PhyAcal Chem., 1902, 5 , 157, 503. 

Thomsen, Therm. [Inter such.,'' Leipzig, 1862. 

12 Rerthelot. Ann. Chim. Phvs.. 1879, [51, 16 , 442; 1898, [71, iS, 185. 
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The heat of formation from the trichloride and oxygen is also consider- 
able, thus 

PCI3 (liquid) -hi-Oo (gas) --POCI0 (liquid) + 70*66 Cals.^ 

The heat of hydrolysis with water is 74*7 Cals.^ If much water is 
used the products are orthophosphoric and hydrochloric acids, but 
when the compound deliquesces in moist air pyrophosphoryl and 
metaphos])horyl chlorides (r/.r.) are formed as intermediate products. 
It is also hydrolysed by hydroxylated organic compounds and is much 
used for preparing chlorinated derivatives, e.g. C2PI5CI and CH3COCi 
from C0PI5OH and CH3COOXa respectively. By this means also 
alkyl clilorophosphates and alkyl phosphaTes can be prepared, e.g. : — 

2C,H30H + POCI3 = POCl(OC4l5)o + 2 HC 1 
^p6ci(OC2Pl5)2-CJl5Ci + POo(OCoH5) 

The alcohol must be added drop by drop to the phosphoryl chloride 
cooled in an ice-salt mixture.* Sodium ethoxide yields triethyl 
phosphate : — 

aCsHsOXa -POC'l3 =PO(OCoI-l5)3 + 3 XaCl 

The oxychloride is also hydrolysed by orthophosphoric acid, which 
is dehydi'ated to the meta-acid, and by phosphorous acid, which is 
deh3+lrated and oxidised to metaphosphoric acid, thus : — 

2H3PO4 + POCI3 = 3HPO3 + 3 HC 1 
2 H 3 p 03 + 3 P 0 Cl 3 = 3 l-IP 03 + 2 PCl 3 -f- 3 l-ICl ^ 

When the ox^mhloride is treated with potassium chlorate the chlorine 
of the former is displaced by oxygen, according to the equation 

2POCI3 + KCIO3 =Po05 + 3 Clo + KCl ' 

A similar displacement can be effected by sulphur trioxide, thus 
2POCI3 + 6SO3 -P2O5 + 3S0O5CI2 " 

Hydrogen sulphide gives a phosphorous ox\^sulphidc, and, when the 
reaction is carried out ad 100^ C., an oxychlorosulphidc to which the 
formula PoOoSC'i^ was assigned, and which could be distilled under 
reduced pressure.*^ 

Phosphorus ox^+diloridc chlorinates the oxides of several non- 
metals. Tim chlorides iproduccd ma\^ form addition compounds with 
excess of the ox\''chloride : thus ScOCU guve SeCl4 and PgO^; ^^ TeO.> 
gave TeCl4.POCr3 ; B0O3 gave BCls.POC^ as well as BPO^.i* Other 

^ ThoinsDD, luc. cit. 

“ Bcriliolot and Luinnin, Anii. Chlui. ISTo, [i5], 6, 808. 

•' -Be.sson, Coi/ipt. rc/icL, 1890, 122, Si-l; isOT, 124, lal, 708, 1099,; 1901, 132, 1.+30. 

^ lialarciT, ZatseJi. anorg. Chem., 1917, 99, 187. 

^ GcutLer and Urockliolts, J . -prakt. Chon.y 1873, [2], i, 101. 

Gouther, A/nialen, 1802, 123, 118. 

’ Bpring, jBtr., 1874, 7, 1.784. 
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addition compounds are as follows SbClg.POClg ; ^ TiCl4.2POCl3 : ^ 
TiCl^.POClg ; 1 AICI3.POCI3 ; SnC4POCd3.i 

Phosphorus oxychloride is a good solvent for various acid chlorides, 
bromides and iodides such as those of arsenic and antimony, for 
A'OCl3, SoClo and halides of transitional elements such as FeCdg and 
PtCl4. For this reason, and on account of its relatively high freezing- 
point, POCI3 has been much used for the determination of molecular 
weights by the cryoscopic method. 

Combination with dr}" ammonia in carbon tetrachloride gave a 
solid product which was said to be the hexammoniate, POCl 3.6X113,^ 
while gaseous ammonia gave a white solid from which amides and 
aminochlorides were isolated.® 

Metals with widely different electro-afhnities ranging from the 
alkalies to silver and mercury were not found to be affected much in 
the cold, but when heated they gave oxides, chlorides and phosphides 
in various cases. 

Addition compounds such as Ca0.2P0Cl3 and MgO.SPOClg were 
obtained by heating the constituents together." 

Pyrophosphoryl Chloride, Diphosphorus irioxytetrachloride, 
P2O3CI4. — This compound was first prepared by the action of X^203 
or X’204 on PCI3.® It is also produced as an intermediate product in 
the hydrolysis of POCI3. Thus when POCI3 is heated Avith a tenth 
of its weight of water in a sealed tube at 100° C. the three phosphoric 
oxychlorides (phosphoryl, pyrophosphoryl and metaphosphoryl) are 
present and may be separated by distillation in vacuo.^ Phosphorus 
pentachloride (2 mols.) and water (3 mols.) also gaA'e this oxychloride 
when heated to 126 ° C. under pressure.^® When separated by fractional 
distillation under reduced pressure from POCI3, which is more volatile, 
and POoCl, Avhich is less volatile, the ])yro-compound appeared as a 
colourless fuming liquid which had a much lower freezing-point and 
a higher boiling-])oint than POClg. At ordinary pressures it distilled 
Avith decomposition. The analysis agreed Avith the empirical formida 
giA'en.^^ 

The density is about 1 - 58 . The freezing-point is beloAA’ - 50 ° C.,^ 
the boiling-point 210 ° to 215 ° 

The liquid distils Avith some decomposition, which may be expressed 
bA' the equation 

3P0O3CI4 --X-4POCI3 -i- P2O3 

The reaction must be rcA-xrsible since P0O3CI4 has been obtained by the 
interaction oP the compounds on the right-hand side.^^ 

^ VVebet', A fi.iurle/i, 1867, 132 , 462. 

^ Kuil' and lps(^n, Be}\, 1003, 36 , J7S3. 

^ Oddo and Tealdi, OazzcUa, 1903, 33 , ii, 427. 

Ca>;.^elniann, J. praJd. Chotn., 1856, [ 1 ], 69 , 19. 

^ norpcfot , Covi'pl. rtud., 1925, 181 , 662. 

•’ W'urtz, re.nd., 1847, 24 , 288; 8 (:hiiT, J. prakt. Cfwni., JS57, [ 1 ], 71 , 161; 

ilml., [1], 72 , 331; Gladstone, Trans. Chcrii. Soc., 1851, 3 , 5, 135, 353. 

" Bassett and Taylor, Traus. Chcni. Soc., 1911, 99 , 1402. 

s Gcuthcr and yiiehaelis, Btr., 1871, 4 , 766. 

” Besson, 1897, /or., cdt. 

Oddo, OazzcUa, 1899, 29 , ii, 330. 

Gcuther and llichaelis, Loc. cit.; Oddo, loc. ciL; Huntly, Traas. CJi.trn. Soc., 1891, 

59. 202. 

Geutlier and Michaebs, Loc. cit. 

Huntly, loc. cit. 
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By the action of PCig the ordinary oxychloride is regenerated, thus 

Po03Cl4-rPCl5-3POCl3 

PBi’g reacts in a similar manner with the production of an oxychloro- 
bromide, thus 

P0O3CI, n- PBr. = 2POBrClo -h POBrg 

Hydrolysis leads to the same final products as arc formed in the 
hydrolysis of POCI3. Pyrophosphoryl chloride also acts in a similar 
way with organic compouTids containing the hydroxyl group giving, 
ethyl esters of phosphoric and chlorophosphoric acids. 

Addition compounds with lime, magnesia and several other basic 
oxides were formed in organic solvents such as acetone, or ethyl acetate 
and other esters, and appeared as crystalline suhsta,nccs, associated 
usually with two molecules of the solvent, e.g. CaO.Po03C'1^.2(CH3)oCOP 

Metaphosphoryl Chloride, POoCl, was prepared by heating 
P2O5 with POCI3 in a sealed tube at 200° C. for 36 hours, thus 

PoOsVPOCls^SPOoCl 2 

and also by the slight hydrolysis of POCI3 in moist air. Being the 
least volatile of the chlorides of phosphoric acid it is found in the 
residues after the others have been fractionally distilled. It has been 
made in several other waays, including the regulated action of chlorine 
gas on phosphorous oxide : — 

4 CU -e l^Oe = 2POCI3 -f 2PO0CI 2 

It is a syrup}' liquid which decomposes into P2O5 and POCI3 when 
heated. 

Pliosphoryl Monochloride, POCl, an oxy-derivative of trivalcnt 
phosphorus, is reported as having been produced by the partial 
hydrolysis of phosphorus trichloride, the excess of which was distilled 
oft under reduced pressure. The residue was a waxy mass with a 
pungent odour, and dissolved in water with great energy.'^ 

Phosphoryl Dichlorobromide, POCloBr, was made by passing 
a mixture of IIBr and the vapour of POCI3 through a glass tube at 
400 ° to 500 ° C.,^ and also by the action of PBig on P0O3CI4 (g.i;.). A 
good yield is obtained fi’om the halogcnatcd alkyl derivations. Phos- 
phorxd ethyl dichloride when treated with bromine gives eth\'l bromide 
and POCloBr.^ Phosphoryl ethoxydichloridc, which inay be obtained 
from alcohol and PoO is acted upon by PBvg according to the 
equation 

FO{OC,ll,)C\., -V PBr^ POCloBr POBr3 ^ 

The formula was established ])y analysis and by the determination 
of vapour density.^ The density is 2 T 26 g 5 at 0° C. and 1-8381 1 at the 

^ Bassett and Ta\'loi*, loc. cit. 

- Guslavson, Ber., 1871, 4, Sf);!. 

^ Thorpe and Tiitton, Trans. Chtni. Soc., 181)0, 57, 7)72. 

Besson, Cornpt. iend., 181)7, 125, 171. 

Besson, Cornpt. rend., 1896, 122, 814. 

*'* Menschntkin, Annaleri, 1866, 139, 342. 

' Geuthcr and Michaelis, loc. c\L.: Geuther and Hcr^t, Jena Zed., 1876, [2], 3, ii, 
104. 
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boiling-point, 137-6° C. The coefficient of expansion is expressed by 
the equation ^ 

^7 A 0-00100518/ -H 0-0649053^2 ^0-0844065/^) 

The solid melts at 11 ° to 13° C.- 

The chemical properties are similar to those of POCI 3 . When 
heated the compound dissociates into POCI 3 and POBrg. 

Phosplioryl Ghlorodibromide, POClEr 2 , was prepared b}' the 
action of HBr on POCI 3 . It melts at about 30° C. and boils at 150° to 
160° C. The chemical properties are similar to those of POCUBr. 

Phosphoryl Tribromide, FOBi’g, is produced by reactions analo- 
gous to those which are used in the preparation of phosphorus oxy- 
chloride — (a) By the gradual hydrolysis of the pentabromideP (b) 
By the oxidation of the tribromide at its boiling-point with oxygen,^ 
or in the cold with oxides of nitrogen.*'^ (c) By the mutual action 
between P 2 O 5 and PBiv according to the equation 

P205-^3PBr5=5P0Br3" 

(d) By the oxidation of P 4 O 6 with Bro, thus 

P 4 O 6 -r 4Br2 = 2 POBr 3 -i- 2 P 02 Br ^ 

Projoerties. — Phosphoryl bromide is a solid which crystallises in 
colourless plates. The formula was established by analysis and vapour 
dcnsit^^^ The molecular weight as determined by the cryoscopic 
method is 300 in benzene.^ The densit}’' of the solid is given as 2-822.^^ 
The melting-point is given as 45° 56° C .^2 "ppe boiling-point is 

193° C. (758 mm.)^*'^ or 198° C. (760 mm.).'^ As would be expected, the 
heat of formation from its elements is considcrabh^ less than that of 
POCI3, and is given by the equation 

P (solid) -f Wo liBr 2 (gas) =POBr 3 (solid) -f - 120 Cals.^^ 

or -r 120-75 Cals.® 

P (solid) + 10o-rl4Bro (liquid) =POBr 3 (solid) ^-108 Cals.i^ 

or -1-109-65 Cals.® 

Tlie heat of oxidation of PBr 3 was found to be slightly less than 
that of PCI 3 , and is given by the equation 

Plh' 3 ^ ^ 02 -P 0 Br 3 (solid) --64-88 Cals.® 

Hydrolysis follows the usual course, and the heat evolved per mol 

^ ThoT-po, 1880, 1(jc. cii. 

- Gout 1km- and M Kdiacdi.s, /or.. riL; [^(.-sson, /oc:. r.it. 

^ Gladstone-, r/ul. Mmj., I8d9, i:-q, 35 , .145. 

Doniolo, Arc/i. Sn. '/uU., 1880, [3], 4 , 2(.)4. 

GonihcM- atid llichaelis, />V.r., 1871, 4 , 7()6. 

'■ .B(M-o(‘i-, Covitjjt.. 11)08, 146 , 40f). 

' Thorpe and TiiU.on, loc. Cil.. 

^ Riitor, Aiviifilrn, 1855, 95 , 210 ; Gladstone, loc. r/f.; ihiiidriinom,, Cooipt.. rend., 
186J, 53 , 637; A /in. C/iii/i. J^hyn., I 864, [4’|, 2 , 58; BorLicr, loc. cit. 

Oddo and Tc-aldi, GazzA/o, 1!)03, 33 , li, 435. 

Ritter, loc. cit. 

lUtter, loc. cil.; Thorpe and ''.Ihittoji, Trann. Chnn. Soc., ISO], 59 , 1019. 

Besson, Con'ijit. rct/d., L800, ill, 972; Bcrttcr, loc. at. 
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of POBr3 hydrolysed was 75 Cals.^ The action of h^Hrogen sulphide 
on the tribromide is described on p. 101. 

?vietapliosphoryl Bromide, POoBr, was found as a less volatile 
part of the products of the action of bromine on phosphorous oxide. ^ 
Oxyiodides, — A crystalline substance having the formula PsI^Og 
was found amongst the residues from the preparation of ethyl iodide. 
It formed red crystals which melted at llO"^ C. and were soluble in 
water and in ether. ^ 


TniO-IlALIDES. 

Phosphorus ThiotrlHuoride or tJiioj^hos 2 )^ 07 ' yl fluoride, PSF3, 
was first prepared by heating a mixture of phosphorus and sulphur 
with an excess of lead fluoride in a lead tube to 250° C. and leading 
over the mixture a current of dry nitrogen. The gas was purified by 
standing for about a day over dry lime. It was also prepared by heating 
arsenic trifluoride in a sealed tube with phosphorus thiotrichloride ; — ^ 

ASF3 -PPSClg =PSF3 -r ASCI3 

It is a transparent and colourless gas, which has no action on glass 
at ordinary temperatures. The formula has been established by 
analysis and from the vapour density. The compound is decomposed 
by heat, giving sulphur and fluorides of phosphorus, thus : — 

PSF3=PF3-f-S 
5FF3=8PIA + 2P 

It burns in air with a blue or greyish-green low-temperature flame. 
The white fumes which are produced contain P2O5. The sulphur 
probably burns first, leaving PF3, which combines with more oxygen, 
giving PF5 and P2O5, the whole reaction being summarised by the 
equation 

IOPSF3 + J 5O2 = 6PF5 + 2P0O5 -I- IOSO2 

Wifh moist oxygen in closed vessels the reaction may proceed ex- 
jolosively, but it does not proceed at all when the gas and the oxygen 
are intensively dried. The gas was slowly absorbed and hydrolysed 
by water, more rapidly by alkalies, thus : — 

PSF3 4- 4I-I0O =il oS 4- 8IIF 4- H3PO4 
PSF3 -r 6NaOH -Na3PS03 + 8XaF 4- 8H0O 

Phosphorus Thiotrichloride or thiopliosphoryl chloride, PSCI3, has 
been pre])ared by many reactions : — 

{a) The first method, which led to the discovery of this compound, 
was by the action of FIoS on PCI5, with elimination of TTCl, thus : — 

II.S 4- PCI3 = PSCI3 + 2HC1 
The H2S may be supplied in the liquid forjn.^' 

‘ Berger, loc. ciL 

~ Thorpe and Tuf.ton, Jor. cU. 

Burion, Avk-t. Chojii. J., .ISSl, 3 , 280. 

’ Thorpe and Ixodger, Traii.'i. Chem. Soc., 1888, 706; 1889, SS, 300. 
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(/;) Some sulphides of the non-metals yield their sulphur to PCl^ in 
exehange for chlorine : — 

CS2-i-2PCl5 = 2PSCl3^CCl4 1 
P0S5 A3PCI5 =5PSCl3 (in a sealed tube at 120°) - 

Compare also : 

SboS3 + 3PCI5 = 2SbCl3 + 3PSCI3 3 

(e) Sulphur combines directlv with PCI3 in a sealed tube at 
130° C. 

PCl3+S=PSCl3 4 

{d) Sulphur monochloride combines when heated with phosphorus, 
thus : — 

2P+3SoClo-2PSCl3-r4S 5 

(e) Sulphur monochloride reacts with phosphorus trichloride in the 
presence of iodine, thus : — 

3PCl3^SoClo=2PSCl3 + PCl5 6 

(/) Thionyl chloride when heated with tetraphosphorus deca- 
sulpiiidc in a closed tube at 100° to 150° C. reacts according to the’ 
equation 

P4S10 + 6SOCI0 = 4PSCI3 -F 3SOo + 9S 7 

Properties, — T}iio]ohosphoryl chloride is a transparent colourless 
liquid which rumes in the air and smells of Iwdrogen sulphide. The 
formula has been established by analysis and vapour density deter- 
mination. The density of the liquid is 1-66820 at 0° C. and 1-45599 
at the normal boiling-point, 125-12° CA The coeincient of expansion 
between these tcm])eraturcs is given by ^ 

= 1:0(1 -r 0-030001 1^ -i- 0-0600302^2 4- o-Os3825^^) 

The melting-])oint is -35° 

Thiophos]ihoryl chloride decomposes when passed through a red- 
hot tube, giving PCI 3, S and SoCloA^ An excess of chlorine combines 
with both tlic other elements, according to the equation 

2PSCI3 -!-3C1 o =:2PCl5 -i-S.Clo 

The eom]K)und is reduced slowly by hydrogen iodide, giving PI3, IT2S, 
IICI and sulphides of ])hosphoriis.^2 Like other halides of ])hosphorus 
it combines Avith dry ammonia, giving a white solid, Avhich may contain 
from 30 to 60 per cent, of Xll3. This product is said to contain thio- 

^ liathko, Zc-itsch. Chain., IS70, [2], 6, o7 ; IFofmann, Annalen, 1800, 115, 264. 

" Thorpe, Trans. Charn. Soc., J8S0, 37, 327; Weber, J. pratt. Cherii., 1859, [1], 

77 . 60 . 

^ Jhiudrimont, Ann. Clnrn. Phys., 1864, [4], 2 , 8. 

llemy. Bar., 1869, 2 , 638. 

Wohler, AnnaJc/i, ISoO, 93, 274. 

^ Kohii and Osterset zer, Zeitsch. anorg. Cham., 1913, 82, 240. 

" Prinz. Annalen,. 1881. 222. 368. 
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phosphoryl diaminocliloride, P(NH2)2C1S, or thiophosphoryl triamine, 
P(NH2)3Sd 

Thiophosphoryl chloride dissolves sulphur and phosphorus freely 
when hot, hut onfy sparingly when cold.^ Since the liquid is immiscible 
with water the Iwdrolysis proceeds only on the surface at first, as is 
usual with phosphorus halides. In this case the products are phos- 
phoric acid, hydrogen chloride and sulphide and a little sulphur. It 
reacts with ethyl alcohol, giving eth^d chloride and ethyl thiophosphate : 

SCoH.OH 4 - PSCI3 ^ (CoH 5)H2PS03 + 2C0H5CI -i- HCl 

Thiophosphates can also be made from the thiochloride with sodium 
ethoxide and aqueous alkalies.-'^ 

Phosphorus Thiotribromide, PSBi'g, has been prepared in a 
number of different ways : — 

(i) By the action of phosphorus pentabromide on hydrogen sulphide, 
according to the equation 

PBrg +H2S ^PSBr3 + 2HBr ^ 

(ii) By distillation of the tribromide with sulphur. 

(hi) By combination of the pentabromide with the pentasulphide : — 

P2S5+3PBr5=5PSBr3’’ 

The product may be freed from pentabromide by washing with warm 
water and dried by dissolving in CSo and standing over CaClo.^ 

(iv) By a reaction between ammonium trithiophos]Dhatc and 
h^^drogen bromide.’^ 

Pro'perties . — The com]:)Ound crystallised from carbon disulphide in 
yellow octahedra, having a density of 2-7 to 2-87 and a mclting-])oint 
of -hB 6-4° to 4-39^ C. It gives off a pungent vapour, and distils at 
about 212^ C. w:ith some decomposition at first into PBiq, the]i PSBr3 
follows, and finally there is a residue of sul}Dhur and ])hos)hiorus.^ 
It is only slightly hydrolysed by w'ater even at 100° C., the products 
being phosphoric acid, hydrogen bromide and some sulphide, together 
with some sulphur and phosphorous acid. Alcoliolysis is said to yield 
ethyl thiophosphate, (€0115)31^303.^ 

Thiophosphoryl bromide dissolves sulphur and mixes with other 
halides such as phosphorus trichloride, also with ether, cliloroform and 
carbon disulphide. ^ ° 

Several other thiobromides of phosjihorus have been ])rcpared, 
which can be regarded as derivatives of p^u'ophosphoric. acid. Di/phos- 
phorus monoihiohexabro'rnide, PoSBr^, is prc])arcd by distilling PSBiy, 
and appears as a yellow oil which can be solidified to crystals melting 
at -5° C. Tlic boiling-point is 205° C. When mixed with water it 
gives a crystalline hydrate melting at 4-35° C. PoS3Br4 {diphospJiorus 

^ Gladstone and Holmes, Trans. Chern. Sac., 1865, 18, 1; Clicvrier, loc. cit. 

^ Scrullas, loc. oU. 

2 Cloez, Co-nipl. rend., 1857, 44, 482. 

^ Gladstone, Trans. Chern. Soc., 1851, 3, 5; Baudrimont, loc. cit. 

^ Michaelis, Annalen., 1872, 164, 39. 

Macdvoi’, Chern. Isq.-ws, 1874, 29, 116; Micliaelis, her., 1871, 4, 777; A.niialen, 
1872, 164, 44. 

^ Stock, her., 1006, 39, 1975, 1998. ^ Maclv'or, IMichaelis, Baudrimont, loc. cit. 

^ IMichaelis, loc. cU. Haclvor, Loc. cit. 
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tritliiotetrahrojnide) is prepared by the action of bromine on P 4 S 6 dis- 
solved in carbon disulphide. In appearance and properties it is very 
similar to the other thiobromides.^ 

Mixed Thiotrihalides, PSClBro and PSCloBr, have been prepared 
by passing a mixture of PSCI 3 and HBr over pumice at 400° to 500° C., 
the products being separated by fractional distillation. Amongst these 
is also the starting material PSCI 3 , which is formed in a sealed tube by 
the reaction : — 

2PSCloBr ^PSClBr, ^ PSCI3 2 

Thioiodides may be obtained by several methods 

(i) By the interaction of the elements, in their correct proportions, 
in carbon disulphide.^ 

(ii) By the action of hydrogen sulphide on heated iodides of phos- 
phorus, thus 

2P0I4 + 3PI0S =P4S3lo + 6HI 
2P“l3 -f-2HoS =P2Sor2 - 4 HI 

These compounds arc soluble in carbon disulphide, from which they 
may be obtained as orange or yellow crystals. They are only slightly 
soluble in other organic solvents such as benzene, chloroform, etc. 
They can be burnt in air, giving oxides of phosphorus, sulphur and 
iodine. They are decomposed by warm water or moist air, giving 
first phosphoric and hydriodic acids, then phosphoric acid and hydrogen 
sulphide.^ 

^ Yichaclis, loc. cit. 

- Besson, 1806, loc. dt. 

^ (')uvrarcl, Coirvpt. rend., 1902, 135 , 1301. 

See also Wolter, Chem. Zeit., 1907, 31, 640. 
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THE SLOW OXIDATION OF PHOSPHORUS. 

The Glow of Phosphorus — The similarity in appearance between 
the glow observed on the surface of phosphorus when exposed to air 
and that observed in the ease of substances like commercial calcium and 
barium sulphides after exposure to light is of course only superlicial. 
While the name “ pliosphorus was soon restricted to the element, 
the term “ phosphorescence in its scientific usage now refers to 
photoluminescenee, while the glow observed on smoxildcring j)hos- 
phorus, or fish or wood in certain stages of decay, is called “ chemi- 
luminescence.” The slow combustion of |)hos])horus is seen as a ]3alc 
blue “ cold flame ” which continually spreads away from tiie surface 
and is associated with a peculiar smell. Tlie volatile products are 
poisonous and consist of phosphorous oxide, and, in the j^rcscncc of 
water, phosphorous acid. It was soon discovered that tlie presence of 
air was necessary — “ tlie fire and flame of phos])hoj‘us liavc their 
pabulum out of tlie air ” ^ — but low air jircssurcs, such as remained 
in the best air pump vacua of the older exjieri men tors, were still siilli- 
cient to maintain the glow, whereas the combustion of charc'oal was 
completely extinguished. It follows that in tlie well-known lecture 
experiment the oxygen can be removed almost coni]dete]y from the air 
by smouldering white phosjihorus in the jircscnce of wader. The glow, 
howex'cr, is extinguished in ])urc oxygen at atmos])]icric ju’cssure. Ozone 
is produced in the combustion and its presemee may be demonstrated 
by the usual tests (see this Scries, ^’ol. VIL, Fart I.). Since this 
striking jihenomcnon early cliallenged tlie attention of chemists it has 
been the subject of much investigation. IMany ol* the (jualita.tiv'c 
effects were early demonstrated by Ihiyle.- The iner(‘as(t in lumiiiositv 
when the air is rarefied was descadbed by \'an iMarum and Davv.^ 
A bibliogra]ihy of the older literature is given in ])apers bv Cent- 
ner s/Aver ^ and Downey.^' 

Effect of Pressure upon the Oxidation of Phosphorus. --At 
each temperature tlierc is a (*ertain critical jiressurc below which the 
glow appears. Also at each jircssurc (or ])artial pressure) of oxygen 
there is a eertain critical tcm])cratnre above which tlu* glow apgiears.' 

^ Slaro, Phil. T rnn.s., 1681, 14 , -18, 84. 

^ Boyk‘, '' Aerial Pi ocldura.'' i.oiiflon, 1086: '' Ir// pt/rlih/raA' lOSO. 

van Mariim, A/iu. Chini. Phy-\, I7;)n, [Tl, 21 . 188: /Vn/. 1 ( 8 ()(!, 8 , 163, 313. 

J. Davy, Edhr. Phil. J., 1820, 15 , 4S. ' ' 

^ Contnerszwer, Zeil.^ch.'phy.sihil Chmi., 18;>8, 26 , 1. 

Downey, I'ra.ns. Cham. Sac., 1624, 125 , 317. Sec also SchonOem, hxi. cil. p. 120, 
and Scha.rfl, "Uebtr das Ltuchlcii des Jdiosjjhors v//d ci/nycr seiner V trbi rulunje.nd'' .Mar- 
burg, 1907. 

" Sebweieger, Scliicdgger s J., 1S24, 40 , 16. 
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Thus the pressures had to be reduced below their critical values at the 
particular tcuiperatures, or the temperatures had to be raised to their 
critical values at the particular pressures, in order to initiate the slow 
combustion. Somc^ values of temperature and pressure arc ^ 


llA 14-2 19*2 
580 650 760 


As already stated, in ordinary moist oxygen or air the glow begins 
at very low pressures, increases to a maximum with j^ressure and then 
decreases, vanishing at an oxygen pressure of 600 to 700 mm.“ 

The limits of pressure within which the glow occurs have also been 
found by means of a photoelectric counter of the Geiger-Mullcr type.^ 
A quartz tube was coated inside with a thin film of platinum which 
acted as a photoelectric emitter. Along the axis of the tube ran an 
insulated tungsten wire which was connected to the earthed positive 
terminal of a 1200-1500-volt battery. The tube was filled with air at 
a pressure of 4-7 cm. mercur\x The upper threshold of the radiation to 
which the counter was sensitive was at 2800 A. As is seen on p. 124 
radiations of lower wavelength are emitted by phosphorus glow. 
Under the inllucnec of these a photoelectron is emitted which ionises 
the air by collision, causing a drop of potential of the wire, which acts 
on the grid of an amplirying valve and is recorded as an impulse on a 
standard recorder oC the telephone type. A residual effect of 10-15 
impulses ])er minute due to cosmic ray was constantly present. This 
number was greatly increased when the wire was surrounded by ox^^gen 
and phosphorus vapour at glow pressures, and began to be marked 
between pressures which gave a yellow and those which gave a bluish 
glow. The lower limit was found to be 0-3 mm. of mercury and the 
upper 505 nun. when the oxygen was pure, oi’ 400 mm. when the oxygen 
was mixed with jiitrogen. It was considered that these results w'ere 
best interpreted by the cliain rcaetion theory, as proposed b}^ 
Scnicnoff.'^ The oxide is built up by a series of stages, some of which 
result in the production of an active molecule, thus : — 

O + 1 \ — P^O', -r Go — P4O -i- O -I- O, P4O' - O — > P4O0, 

— > P, 0 , P, 0 „ P,Os P^Oio' 

In these exprcssiojis only some of the active products (juarked ') have 
been included. P.adiation is associated with the spontaneous de- 
activation of an active product according to (2) bclowg if it does not 
happen to activate a molecule of oxygeii according to (1) : — 

P^O.o'+O,— ^P^Oio + O + O . . . (1) 

P,Oio'— + . . . (2) 

h and v have their usual meaning of Planck’s constant and the fre- 
quency of the radiation. 

1 Joubort, CotivpL rmcL, 1874, 78 , J853. 

- Muller, Btr., 1870, 3 , 84; Joubort, loc, cit. 

3 Tr(]:ii,s. Ffirn/ln.iJ Bar... 1 20. 48fi. 
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Velocity of the Reaction. — Quantitative determinations of the 
velocity of oxidation have been based on the diminution in pressure 
■which follows on absor])tion of oxygen. This became appreciable, with 
appearance of glow, at about 700 mm. oxygen ])rcssurc. 

The rate of oxidation, calculated from tlie rate of decrease of pres- 
sure in a constant volume, at hrst increases rapidly as the pressure 
falls, reaches a maximum at about 300 mm., and then falls slowly 
to 100 mm. 13elow 100 mm. the rate diminishes rapidly with further 
decrease of pressure.^ 

The velocity constant K of a unimolecular reaction, i.e. 


{■p and 2h arc the partial pressures of the oxygen at tire beginning 
and after the lapse of t minutes) is given in the following table: — - 


RATE OF ABSORPTION OF OXYGEN IN MOIST 
AIR BY PHOSPHORUS. 


Time in. Minutes, 

Total Pressure in 
mm. of Mercury. 

l^artial Pressure 
of Oxyyeen. 

K. 

v- 

0 

773 -1 

157-8 



25 

750*0 

135-3 

0-00207 

42-() 

50 

729-7 

IM-O 

0-00282 

•13-1 

75 

714-3 

99-0 

0-()()271 

40-1 

100 

097-4 

82-1 

0-0028-1. 

12-3 

130 

082-2 

00-0 

0-00280 

42-1 

. _• 

... 








TJic ('onstant /v increases on the wliole witli time* (altlioiigli. somewhat 
irrc‘gularly ), showing that tlu‘ reaction takc's pia.ee somewhat faster at 
a lowc'i’ j)rcssurc than would he cxpc'ctc'd assuming Hiat it is directly^ 
proj)ortional to llic j)artial pressure of tlic oxygen. Since tlie reaction 
ta.kcs place between the p]u)s})horus vapour and the oxygen, the 
reason for tlie increase^ in tlie constant was sougiit in tlie increased 
rate of evajioration of the (‘lenient at the lower pressui’C's. A eorroetion 
was introduec‘d for the vapour ju'essure yp of the jihosphorus in the 
form - - 

. . . ( 1 ) 

in which P is the total jiressure. The intcygration of tliis eapiation 
gave the (’orreded constants A\ in tiie abo\a‘ table. The results given 
above refer to air or oxygen in its usual state, i.c. slightly moist, and 
ap])ly also wdien the air has been partly dried, as by l)ul)hling through 
coneentrated sulphuric acid, which still lc‘a,v(\s enough \vater vapour for 

1 Ewai), ZtUsdi. Clu-.in-., 181)3, i6, 315; idem, J'kil. 189-1, [5], 38 , 305, 

512. 

“ Jkeda, J. Coll. Sci. I'nij). Umu. Japan, 1893, 6, -43; IS tad its no Chtholcal Dy/ia/iucsp 
vau’t itolI-Cuiien, translated by Ewan, W'illiams & Xorgate, 1890. 
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the continuance of slow oxidationA If, however, the air or oxygen is 
carefully dried, the velocities at all pressures are much lower, and are 
between 0 and 70 mm. proportional to the square roots of the oxygen 
pressures. The maximum velocity of oxidation is also attained at a 
lower pressure (about 100 mm. of oxygen) and the upper limit of chemi- 
luminescence is found at lower pressures, i.e. at about 200 mm. of 
oxygen.^ If the oxygen is quite dry, no combustion takes place, no 
glow is seen and no ozone is formed — the production of ozone and 
hydrogen peroxide is due to the presence of moisture.^ 

The results in the table may be summarised in the statement that 
from low pressures rq:) to a certain limiting pressure the velocities are 
proportional to the oxygen pressure and are also a function of the rate 
of supply of vapour from the surface of the phosphorus. In fact, if in 

d p I dt 

the equation on p. 118, is plotted against p, the graph is 

rectilinear from the lowest value of oxygen pressure up to 520 mm., 
then rapidly decreases to zero at 700 mm. 

Lozi) Pressures . — The velocity of oxidation oC phosphorus vapour at 
low pressures has been further investigated by Semenoff,"^ who found 
that an inert gas increases the reaction velocity and lowers the lower 
critical oxidation pressure. The subject was taken up at this point 
by Melville.^ 

According to Scmcnoff® ‘‘if Pq., and arc the pressures of 
phosphorus, oxygen and inert gas respectively, then, at the lower 
explosion limit 

+ ■ ■ ( 1 ) 

provided that the explosions are conlincd to a vessel of a given size. 
Now (1) indicates that the inert gas cll’cct should be independent of 
the nature of the gas. Subsequent work" has shown that (1) does 
not describe exactly the eficct oC gases on the lower critical oxidation 
limit of phos 2 )horus. From (1) it is seen that if l/pQ., is plotted against 
f ^ straight line is obtained. The slope A of this line is, 

however, dependent on the nature of x.'' 


The critical pressure or glow pressure is affected by the presence of 
inhibitors (see p. 121). 

The explanation why such a complicated reaction as the slow 
oxidation of phos])horus appears to be unimolccular is one which has 
often been brought forward in similar cases. The slowest part of the 
process is a diffusion, either of oxygen molecules to the reaction surface, 
or of phosphorus molecules from the surface, or of the inhibiting mole- 
cules of jdiosphorus oxide from the surface. According to the theory 
of diffusion the rates will follow the unimolccular law. Since the 
vapour pressure of phosphorus is low at ordinary temperatures, the 

^ Lusseil, Trans. CJitrii. Soc., 1903, 83 , 12G3. 

“ VciiTi lloit’-Cohcn, loc. cit. 

Baker, Thil. Tratis., 1S8S, 179 , A, 571; Baker and Dixon, Troc. Roy. Sac., 1889, 

45 ’ 1 - 

^ Semcnoif, Zcitsch. Fhysik, 1927, 46 , 109; Zeitsch. 'pliystkal. Ofitni., 1929, 2 , B, 161. 

^ Nelviile, Trails. Faraday Soc., 1932, 28 , 308. 

® Loc. cit. 
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concentration of ox\"gen molecules is many times greater than that of 
phosphorus molecules, even at the loAver oxygen pressures. ^ 

Phosphorus vapour when apparently inactive in an atmos])hcre of 
oxygen mav really be combining with the oxygen at isolated eeiiti'cs, 
but the eombination docs not spread, on account of the inhibitory 
effect of the enormous excess of oxygen molecules.- The combination 
has obvious similarities to the combustion of hydrocarbons, etc., in air 
or oxygen, which, as is well known, is limited and finally inhibited by 
an excess either of the combustible substance or of oxygen. An excess 
of oxygen probably hinders the diffusion of phosphorus across the 
solid-gas interface on which a layer of vapour is continually being 
formed and removed. If the rate of formation of oxide (especially in 
a dry atmosphere) exceeds that of evaporation of the phosphorus, a 
protective coating of oxide will also inhibit further action.^ 

The products of oxidation have been investigated.'^ When the 
oxidation was carried out in moist air or oxygen the partial pressures 
of which were varied between 100 and 1200 mm. the product was a 
nearly constant mixture of the tetroxide and pentoxide. The empirical 
composition PO 2.10 is nearly the same as that of the corresponding 
product derived from P 40 (>. It is considered that the phosphorus 
trioxide is formed as an intermediate stage which docs not accumulate 
in the system. 

Effect of Temperature. — The pressures corresponding to the 
maxima of chemiluminescence diminish with fall of temperature ; at 
0^ C. the maximum oxygen pressure is 320 mm., while by extrapola- 
tion this pressure would become zero, and the effect vanish, at - IS-S"^ C. 
The pressures at which the glow first appears also decrease with fall 
and increase with rise of temperature. At 27"^ C. the glow appeared 
in oxygen at atmospheric pressure,^ At higher temperatures the 
velocity, as is usual, increases greatly, until at about 60° C. (or at lower 
temperature if pressure is reduced) the combustion changes its character, 
and the phosphorus ignites. 

Production of Ozone. — In the first definite description of ozone 
by Schonbein in 1840 the discoverer noted that this gas is produced by 
the slow' oxidation of phos]3horus ^ (see Ozone,” this Series, Vol. VH., 
PartL). 

It was observed later that half an atom of oxygen is activated for 
every atom of phos])horus which is oxidised.'^ This may be explained 
on the supposition that the reaction takes place in stages, thus : — ® 

2P-sOo=P.O-rO 

O-^Oo^O; 

PoOH-Oo^PoOg 


^ Chariton and VValtoa, Zeitsch. J^hysih, 192G, 39, 517. 

2 Ka3dcigh, '’'Royal Institution 'Discourse,'''' yatwre, 1924, 114, 30; idenn, Froc. Roy. 
Soc., 1922, 104, A, 322. 

^ Weisex and Garrison, J. Physical Chem., 1921, 25, Gl, 349, 473. 

Miller, TrasiS. Cheni. Soc., 1929, p. 1829. 

Weiser and Garrison, loc. at.-, Eydmann, Rec. Trav. dura., 1901, 19, 401. 

° Schonbein, J. prakt. Chc-ni., 1868, 105, 226; 1864, 93, 25; and many references back 
to 1845; Macleod, Trans. Cliern. Soc., 1880, 37, 188; Kingzett, ih 'bcl., I88O", 37, 392; Leeds, 
Chem. Neios, 1881, 43, 97; Chappuis, Bull. Soc. ch-im., 1881, [2], 35, 419. 

^ Ostwald, Ztiisch. physikal. Chem., 1900, 34, 248. 

^ Downey, Trans. Chem. Soc., 1924, 125, 347. 
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The amount of ozone formed is proportional to the intensity of the 
olow, and is 0-5 to 5*0 x 10~^ gram per c.e. of gas whieli passes over 
the phosphorus. The radiation from the glow has been proved capable 
of ]:)roducing ozone. 

The effect of ozone is to raise the upper critical explosion limit for 
phosphorus and oxygen and to lower the lower limit.- The effect is 
much greater than that for an ordinary neutral gas (equation, p. 119). 
The presence of 5 per cent, of ozone in phosphorus vapour and oxygen 
diminishes the lower critical pressure by about 20 per cent., whereas 
the normal effect for an inert gas at this concentration would be 1 to 
2 per cent.^ 

Inhibition of the Glow. — The following substances diminish or 
destroy the glow at ordinary temperatures, or allow it to appear only 
at higher temperatures — chlorine, iodine, iiitrous and ]utrie oxides, 
hydrogen sulphide, sulphur dioxide, turpentine, alcohol, benzene, chloro- 
form, aniline, ethylene, acetylene and other unsaturated hydrocarbons, 
and lead tetraethyl.^’ ^ The glow is not diminished by nitrogen, 
sulphur, acetic acid, hydrogen cliloride or ammonia in small quantities. 
Some of the inhibitors will combine with ozone, but it has been stated 
that their relative activity in inhibiting the glow is not the same as 
that shown in destroying ozone." 

The diminution in the rate of propagation of the glow was shown 
by measuring the velocity of an air current winch was just sufficient 
to carry the glow to a point marked in a tube." This method was also 
used in examining tJie effect of varying the partial pressures of oxygen 
in nitrogen.® In the presence of 0*16 per cent, of ethylene this velocity 
was 140 cm. per second, and when the jicrcentage was increased to 
0-43 the velocMty required fell to 1 cm. per second. The temperature 
at which the glow is first seen increases with increasing concentration 
of ethylene, etc., and can be raised to well over 60° C., the normal 
ignition point of the ])liosphorus. When air containing 8 and 26 per 
cent, of ethylene was heated for long periods in contact with phos- 
]:)horus a certain amount of non-lumiiious oxidation did occur. It has 
liecn shown further that the partial pressure of the ethylene Avhich 
will just inhibit the glow is proportional to the partial pressure of the 
phos])horus over the range 60° to 97° C. 

Phosphorus trioxidc itself inhibits the glow of phosphorus, being 
about three times as powerful in tins respect as ethylene. The ratio 
of the partial pressure of trioxidc to that of ethylene which just stops 
the glow is about 14.5. 

The inhibitory effect may also be expressed as a function of the 
“ glow pressure ” at which the glow can just be detected. An empirical 
equation was used by Tausz and Gorlacher — 

Px(x+a)=K 


^ Downey, loc. cit.; WLisor and Garrison, loc. cit. 

“ Kowalski, ZtilMcJi. Chern,., 1929, 4, B, 2SS. 

^ Melvillo, loc. cit. 

V. \ ogcl, Aii'/iala/i, 1814, 48, 375; J. prakt. Cliem., 1840, [1], 19, 394. 
^ Dcschamps, Coni'pt. rear/., 186J, 52, 355. 

® Tver, Chtni. Acrr.s, 1923, 127, 321; Cliappuis, loc. cit. 

~ Emoleus, Trans. Chein. Soc., 1926, p. 1336. 

^ Bloch, L. and E., Conipl. rend., 1908, 147, 842. 

^ Miller, Trans. Chem. Soc., 1929, p. 1926. 

Tausz and Gorlacher, Zeiisch. anorg. Chern., 1930, 190, 95. 
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in which represents the partial pressure of ox\'gen at which the 
glow appears, x is the percentage b}'"' volume of the inhibitor or anti- 
catalyst and a and K are empirical constants for each substance. This 
equation holds for certain percentage admixtures in the case of each 
inhibitor~thus for 0-1 to 0*9 per cent, sulphur dioxide ; for 2 to 10 
per cent, benzene ; for 0-01 to 0*1 per cent, isoprene ; for 0-046 to 
0-047 per cent, iron carbonyl. The corresponding values of the constants 
are as follows : — 



■ Sulphur Dioxide. 

Benzene. 

Isoprene. ' 

Iron Carbonyl. 

a 

23 

21 

0-025 

0-0033 

K 

13520 

10805 

20 

1-7 

\ VK 

O-O 474 

O-O 493 

0-05 

0-59 


The maximum pressure at wHich the glow will persist is lowered by 
these substances, and their activity in this respect is proportional to 
IjK. It is noteworthy that lead tetraethyl (p. 121) and iron carbonyl, 
which are known as “ anti-knock additions to petrol, are both very 
active inhibitors. 

The results of these experiments lend support to the theory that 
oxidation probably takes place only in the gaseous phase and is 
catalysed by the active oxygen produced in the reaction. 

Nature of the Chemiluminescence. — Many observations lead to 
the conclusion that the glow is produced by the combination of gases 
only. The glowing zone maA' be removed from the surface of the 
phosphorus by a current of air, leaving a dark space in the immediate 
neighbourhood of the phosphorus.^ 

The glow is exhibited b\' ordinary phosphorus trioxidc,- but is then 
really due to small quantities of dissolved phosphorus. The oxide 
when purified as described on p. 12(5 gave only a momentary glow at 
the commencement of the oxidation (by oxygen), wdrich afterwards 
proceeded without emission of light. The glow of phos]:)horus, which 
actually is inhibited by the trioxidc, is restored continuously as this is 
hydrated by small amounts of water vapour.^ The inhibitory effect 
of P4O6 is also removed by ozone. 

Ionisation by the Glow. — Air wdiicii has been drawn over smoulder- 
ing phosphorus is rendered electrically conducting, so that it allows 
an electroscope to discharge itself" whether it is positively or negatively 
charged; therefore gaseous ions of both signs are produced. These 
may be charged atoms, O ’ and 0~, one of which may combine with 
the phosphorus and the other form ozonc.^ The conducti\dty is not 

^ Bloch, L. and E., Conq)t. rend., 190S, 147 , 842. 

“ Schartf, Zeil^ch. i^hysiLaL Cktni., 1908, 62 , 179. 

^ Miller, Trann. Chtm. Sac., 1928, p. 1847 

Mattouci, CompL rtitd., 1851, 32 , 145; 33 , 663; Cliristomanos, Ztiisch. (inorcj. 
Chtm., 1905, 45 , 132. 

^ See also Brodic, J^lU. Trans., 1850, 1862, 1863, 152 , 407; Clausius, Annaltn, 1858, 
103 , 644; 1864, 121 , 250; Sclionbein, loc. cit.; v. Helmholtz and Bicharz, Wltd. A'/i/nalen, 
1890, 40 , 161; Bister and Clcitel, Wttd. Amialen, 1890, 40 , 191; Fhysikal. Ztiisch., 1903, 
16 , 457; ''The Conduciion of Electricity through Gases, J. J. Thomson, Cambridt^e, 1903; 
Bloch, E., '' Etcher ches sur la conduct ibilitc elecirique de Vair prodaite par It phosphore et 
sur Its gaz recemment prepares,'''' i^aris, 1904; Bloch, E., Ann. Chirn. Phys., 1905, [8J, 4 , 25. 
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due to the ozone itself, since after removal of this, conductivity is 
retained.^ 

The fact that below 100 mm. the rate of oxidation is proportional 
to the square root of the partial pressure of oxygen suggests that the 
active atoms of oxygen are produced before the combination.- The 
difiiculty in this supposition is that there is no apparent source of the 
high energy of activation required, which could, however, be drawn 
from a coupled reaction such as that formulated on p. 120, or from 
the formation and decomposition of a peroxide.^ 

It has been shown by numerous investigators that the connection 
between ionisation, oxidation and chemiluminescence is a close one. 
If air or oxygen is mixed with the vapours of turpentine, etc., the 
conductivity of the mixture after passing over the phosphorus is only 
slight, corresponding to the suppression of the glow."^ 

The mobilities of the positive and negative ions were found to be 
equal at first, but the mobilities and sizes change with time. Maxima 
and minima were found at different temperatures, including a maxi- 
mum mobility just below the ignition temperature, at 40° C.^ 

Moisture is favourable, perhaps even essential, to the ionisation, 
which leads to the opinion that the conducting ions may be those of 
an acid. 

The gases in flames are ionised as a rule, and it has been stated that 
the vivid combustion of phosphorus also gives rise to ionisation.® 

One cause of the ionisation is indicated by the observation that the 
light from glowing phosphorus when transmitted through a window 
of lluoritc, is capable of ionising air on the other side." This proves 
that the light eontains ultraviolet radiations.^ This light also pro- 
duces ozone. ^ Under otherwise similar conditions ozone is produced 
from oxygen in greater amount by light transmitted through a window 
of fluorite tlian by that transmitted through a window of quartz.^® 
Now it is known that quartz (2 mm. thick) is weakly transparent to 
light of wa^'elength lower than 200 mfi and oj^aque to that of wave- 
length below 160 m/x ; while lluorite is opaque to light of wavelength 
below^ 125 my. This, taken in conjunetion with the observation 
that light of wavelength 120 to 180 m/x is a strong ozonising agent, while 
that of wavelength 230 to 290, especially 257, decomposes ozone, 
explains the crfect mentioned above. 

The Emission Spectrum. — A spectroscopic examination of the 
light emitted by glowing phosphorus reveals a number of narrow 
bands in the ultraviolet at 


^ Schmidt, H., Physihil. ZalLsch., 1913, 14, 120. 

“ Loow, Zcilcicfi. Chcifi., 1870, [2|, 6, 65; PudakowsW, Bcr,, 1873, 6, 108. 

^ Obtwald, loc. cii.; 13acb, Com/pt. rand., 1897, 124, 951. 

Sclionck, Banthien and 51ihr, 7ier., 1906, 39, 1506; Ricliarz and Schonck, Sitzungsber. 
K. Al:ad. BO', 96'. BarUn,, 1903, p. 1102; Schcrick, tbid., 1904, p. 37; Schcnck and Bi'ciiiiing, 
Bar., 1914, 47, 2601. 

^ tiamci, Bliysikal. ZadUch., 1904, 5, 93; Biisse, Ann. Bliysih, 1927, j4J, 82, 873; 83, SO. 
Sclunidt, G. C., Bcr. Deui. gAiysikal. Gas., 1906, 4, 640; Ami. Bhysik, 1903, [4j, 10, 

704. 

' Downey, 1924, loc. cit. 

^ Lonard, Amn. Physik, 1900, [4], i, 486; Hughes, Proc. Cam. Phil. Soc., 1910, 15, 483. 
Downey, loc. cit.; Weiser and Garrison, Loc. at. 

Downey, loc. cit. 

Regener, Ann. Pliysik, 1906, [4], 20, 1033. 
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A -3270 2600 2580 2470 2390 AU 

A -3275 2630 2530 2475 2390 A.^ 

The same bands are shown when phosphorus burns under reduced 
pressure with a liamc which has a temperature of 125° and in the 
glow of phosphorous oxided The broader bands whieh have been 
reported as present in the light from glowing phosphorus haAm been 
shown to be due to incipient combustion ; “ they are the same as those 
shown by jdiosphoriis burning in air enriched with oxygen at a flame 
temperature of 800° and by phosphine burning in air at reduced 
pressure Avith a flame temperature of 160° to 230° C., and also in oxygen 
at atmospheric pressure.^ The bands have, in reality, a complex 
structure. Such spectra are associated Avith molecular rather than 
atomic A-ibrations. There must therefore be some excited system 
common in all these kinds of combustion. In this connection it Avas 
noted by Emeleus and Purcell ^ that the band at about A— 3270 had 
already been obserAmd in the light emitted by phosphorus pentoxide 
Avhen Amlatilised in an oxyhA'drogen flame.® 

Ceiitiierszwer and Pctinkaln, Zeitsch. physikal. CheriL., 1912, So, 235. 

- Emeleus and Downey, Trans. Chsrn. Soc.^ 1924, 125, 2491. 

^ Emeleus, ibid., 1925, 127, 1364. 

Pctrikaln, Zeitsch. Physih, 1924, 22, 119. 

Emeleus and Purcell, Trans. Clmn. Soc., 1927, p. 788. 

Hartley, Phil. Trans., 1894, 185, 168. 
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THE OXIDES OF PHOSPHORUS. 

PiiosPTioKr.s forms two well-defined oxides, namely, dipliosphorus 
trioxide and diphosphorus pentoxide, havdng the empirieal formuhe 
PgOg and P 2 O 5 respectively ; an intermediate oxide, diphosphorus 
tetroxide, P264, and possibly the suboxides P^O and PoO, are known. 

The Suboxides. — A solid substance said to be tetraphosphorus 
monoxide, or phosphorus tetritoxide, P 4 O, has been ju’cpared by 
a number of reactions, amongst which may be mentioned the slow 
oxidation of phos])horus in ether, and the reduction of phosphorus 
pcjitoxide with ammonia, followed by treatment to remove other 
oxides, namely, washing and evacuation. ^ The renmval of water 
from hypophosphorous acid is said also to yield this product, thus 

4H3POo^P40^ 0-611.^2 

Acetic anhydride in the presence of glacial acetic acid has been used 
as the dehydrating agent. A solution of ]')]ios]')horus in 10 ])cr cent, 
aqueous caustic soda with twice its volume of alcohol yielded on acidi- 
fication a greenish-yellow solid to which the sajne composition was 
assigned.- The substance pre])ared by various methods has a red or 
orange colour and a density of about U9. It is a mixture, the com- 
])osition of which may be inferred from the facds that it retains hydrogen 
and moisture, that it gives phosphorus and phos])horus pentoxide 
^vhen heated in an indifferent gas, and that when distilled in chlorine 
it yields ])hosphorus oxychloride as well as the j)e]itachloridc.'^ 

The su]:)posed com])ound P.>0 is also a mixture of finely divided 
phosphorus with phos])horous acid.^' 

Phosphorus Tri oxide. — The formation of an oxide by the slow 
combustion of ]:)hosphorus had already been noticed in the eighteenth 
century,^ and the existence of such a com]:)Ound was known to Lavoisier 
and Davy, while the conditions of formation and the composition were 
established by Dulong.-'^ 

The method of preparation by the slow oxidation of white phos- 
phorus has already been described (Chap. IX.). VVlien a current of 

^ LovciTjer, Ann. Chim. Phy,n, 1837, [2], 65, 2r,7; Billz, Bcr., J SlU, 27, 127)8. 

- Michaclis and Pitsch, Armnltn, 190(3, 310, 4“). 

UK:haelis and von Arcnd, Aniinlon, 1901, 314, 209. 

Clinynnan and Lidbuiy, Trails. Chon. Sor., i899, 75, 973; Burgo.ss and Chapman, 
ibul., 1901, 79, 123“); )Slo(;k and Rudolph, JTr., j9J(), 43, 157. 

•'" Besson, Cortipl. rend., 1901, 132, 1556. 

Challv and Partington, Trans. Chem. Sue., 1927, p. 1930. 

” lo Sage, j\J(bn. Acad., 1777, p. 321. 
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dry air, or of oxygen, the pressure of which lies between certain limits, 
is passed over solid white phosphorus, this oxide is formed at a slow 
rate. At higher temperatures, at or above the melting-point of white 
phosphorus, the rate of formation is sufficiently great, but the product 
may contai]i less than 10 per cent, of phosphorous oxide, with nearly 
80 per cent, of phosphoric oxide, and variable quantities of phosphorus 
remain imburnt in the form of the white mixed with the red element. ^ 
It is possible to sepai’ate the phosphorus pentoxide, as is done in the 
standard method due to Thorpe and Tutton,“ according to which a 
rapid stream of dry air is passed over liquid phos]Dhorus in a hard glass 
tube, which is connected with a brass tube containing a glass wool 
filter and maintained at about 60° C. by an external current of water. 
This tube retains the phosphorus pentoxide, while the trioxide passes 
on and is condensed in a U-tube which is immersed in a freezing mixture. 
The phosphorous oxide is melted and fltercd into another U-tube. 
The further purif cation is described below. 

Phosphorous oxide has also been prepared by the action of the 
trichloride on phosphorous acid, thus 

H3PO3 PCI3 = P0O3 -r .3PIC1 ^ 

It is also produced when phosphorus trichloride is used to replace the 
hydroxyl group of anhydrous acetic acid, thus 

3CPl3CO0H-2PCl3=P3O3 V3IIC1 -rdCHoCOCl ^ 

The trioxide sublimes as a mist of solid ])articlcs which arc difficult 
to condense completely. The condensate forms a snow-like mass of 
minute crystals, or large featheiy crystals, or a wax-like mass which is 
very fusible, deliquescent and inflammable. The vajmur smells of 
garlic and is ])oisonous. The material contaii^is small quantities, up to 
about 1 per cent., of phosphorus, droplets of which may appear in the 
later stages of the distillation. The complete removal is difficult, but 
the amount may be greatly reduced by the following method.^ The 
trioxide is crystallised from dry carbon disulf)hi(lc in an atmos])hcre 
of carbon dioxide at -18° C. The crystals arc filtered oil on a per- 
forated porcelain disc, washed with ]:)Ctroleum ether and rccrystallised 
from carbon disulphide. These operations arc carried out in an atmo- 
sphere of dry carbon dioxide. The purified oxide is analysed by 
melting under water at 40° to 50° C. It is com]:)lctcly absorbed, whereas 
the usual preparation, wliich is saturated with phos])horus at 25° C., 
shows a small residue of undissolvcd phosphorus under the same condi- 
tions. The solubility of phosphorus in the purified oxide at 25° C. is 
1*7 grams in 100 grams. The solution on solidifyiiyg assumes the 
opaque V'axy appearance characteristic of the ordinary ]n’Cj)aration. 

Physical Projoerties, — Most of the available data refer to the ordinary 
preparation. 

Solid Phosphorus Trioxide. —The density ) is 2T35.® The 

^ Cowj3or and Lewos, Trans. Chern. Soc., 1883, 43, 224; 1884, 45, 10. 

- Trans. Chern. Soc., 1890, 57, 543; 1891, 59, 1019. 

^ Ivraiit, Annakn, 1871, 158, 332; Gautier, Corivpt. rend., 1873, 76, 49, 173. 

Thorpe, Trans. Chern. Soc.. 1880, 37, 186. 

^ Miller, Trans. Chern. Soc., 1928, p. 1847. 

^ Thorpe and Tutton, loc. cit. 
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melting-point is 22-5° C.^ The crystalline system is monoclinic. ^ 
When large crystals are examined in polarised light they may show 
pinacoid, prism and complementary pairs of pyramid faces. When the 
oxide is freed from all except traces of the dissolved phosphorus as 
just described, it appears as a transparent crystalliiie solid and the 
physical properties are slightly modihed ; in particular, the melting- 
point was 28-8'' C. instead of 22-d°. 

Liquid Phosphorus Trioxide.—Thc^ density of the slightly super- 
cooled liquid at 21° C. ) is 1-9181 and that of the liquid at its 

boiling-point, 173*1° C., 1*6897. The smoothed values of the specific 
volume as derived from measurements in a dilatometer from 27*10° to 
140*80° C. are as follows, and give the coefficient of expansion of the 
liquid up to its boiling-point : — • 


RELATIVE SPECIFIC VOLUMES OF PHOSPHORUS 

TRIOXIDE. 1 


f c. 

25 

30 ’ 50 75 ]00 125 150 

170 i 178*1 

o' 

. 1*000 

1*0046|1*0228 1*0459 1*0695 1*0941 1*1200 

: ■ i 1 

1*1419!i*1454 


The vapour pressiires of the liquid arc as follows: — ^ 


VAPOUR PRESSURES OF PHOSPHORUS TRIOXIDE. 


r c. 

22*4 

80*8 

40*8 

50*0 

64*4 

72*7 

91*2 1 

p (mm.) . 

2*7 

4*1 

6*0 

9*5 

18*4 

50*8 

297*9 ' 


A straight line is obtained by plotting log p against 1 /T up to T =886°, 
and if this is produced it leads to a boiling-point under normal pressure 
of T = 4o8° C. a.bs. {cf. 446° above). The corrcs})on(ling graph above 
886° is also a straight line which, however, leads to a boiling-point of 
T=874°. It is considered that the mcasui'emcnts at higher tempera- 
tures are derectivc, probably owing to interaction of the tiioxide and 
moisture, with production of ])hos])hinc.'‘' 

The refractive index of the liquid has been determined for several 
of the standard wavelengths in the visible spectrum : — ■ 

I I 

A I 670*5 ^ 589*2 484*0 m/x 

n 1*5850 1*5408 1-5616 


These and other results arc represented by the dispersion formula ^ 
n = 1*5171 - 817670A-- - 816500707A-i 


'' Tliorpc and Tutton, loc. clt. 

- Cabclg Chtm. Ntics, 1884, 50, 209; Thorpe and Tuiton, loc. clt. 
^ Miller, loc. at. 

Schenck, Banthien and Mihr, Bcr., 1006, 39, 1506. 

Miller, Trans. Chern. Soc., 1029, p. 1823. 
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The dielectric constant at 22° C. is 3-2. 

Comj^osition and Structure . — The molecular weight and structure 
have been deduced in the usual manner from physical constants. The 
vapour density, as determined by Hofmann’s method, ^nried between 
T-67 and 7-83 (air=-l) at temperatures between 132° and 184° C., 
which corresponds to a molecular weight which is represented by the 
formula P^O^.^ This agrees with the molecular weight calculated from 
the lowering of the freezing-point ot benzene. 

The molar volume at the boiling-point, 130-2, minus the atomic 
volumes of six singly-linked oxygen atoms ( — 0 — ■) leaves 83-4, which 
is very nearly equal to four times the atomic volume of elementary 
phosphorus at its boiling-]:)oint, i.e. 4 x 20*9. It is concluded that the 
molecule P4 in P40g occupies the same volume as the molecule P4 of 
the liquid element. Xow the atomic volume of phosphorus in its 
trivalent combination, as in PCI3, etc., is certainly greater than that of 
elementary phosphorus at the same vapour pressure (see p. 51). 
Whence it follows that elementary phosj^liorus, as well as ])hos})horus 
in P4OQ, is exerting its highest valency, i.e., according to ]). 52, is ter- 
co valent with a mixed bond. The respective structural formulae for 
the element and the trioxide would therefore be 


P^P 

A 


V 

P-P 


and 


O 



0 


A somewhat similar formula involving the transfer of electrons has 
been suggested by Ilenstock.^ 

Decom/positio?i. — Phosphorus trioxidc turns yellow and tlicn red 
on exposure to sunlight, and slightly yellow in ordinary diffused light. 
After months of exposure red phosphorus is formed.^ Tire change 
may be represented by the equation 

5Po03-4P-^-3Po05 

When the oxide was heated to about 200° C. in a sealed tube it 
became turbid, then yellow and hnally red. These changes ])rocccdcd 
still further at higher tenpreratures, and at 445° C. the whole was 
converted into solid products according to the cquatioii 

2P40,-3Po04-r-2P 1 

The oxide is unaffected by molecular hydrogen. 

The liquid ignites in air or oxygen at about 50° C. and burns 
with a vivid flame to the pentoxide. Like phosphorus itself ])hos- 
phorous oxide undergoes slow coinbustion with the emission of a glow, 
which may be due in part to the small quantities of the element already 
mentioned. This combustion, however, differs from that of |)hos- 
])horus in several respects. Ozone is produced only in small quantities, 
if at all, and mav be due to the action of light of wavelength A = 120 
to 180 my on the oxygen.^ Hydrogen peroxide is not produced by 

^ Thorpe and Tmton, loc. ciL - lienst.ocdv, Chtru. Xtv:s, 1923, 127, 2o9. 

^ Downey, loc. cit. 
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the oxidation of j^hosphorous oxide. Dry oxygen combines with the 
oxide with increasing speed from about 10° C., and over a certain range 
the speed varies a.s the square root of the oxygen pressure. Glowing 
oxidation in the presence of water vapour has been connected vdth the 
intermediate formation of phosphine.^ Ozonised air gives a strong 
glow, close to the surface of the oxide. 

Products of oxidation vary according to the conditions. Dry 
oxygen at ordinary temperatures, and especially under reduced pressure, 
gave phosphorus pentoxide, while moist oxidation at atmospheric 
pressure gave tetroxide.- Further experiments have shown that {a) 
the pure trioxide, (/;) the ordinaiy trioxidc (p. 126), when oxidised 
either by air or oxygen or ozonised oxygen, gives a mixture of P0O4 
and PoO^ in the constant proportions which correspond to an empirical 
formula PO2.19. The equation suggested for this oxidation is 

8P4O, V 4O3 + 50o = 5P4O8 + 3P4O40 ^ 

Phosphorous oxide ignites spontaneously in chlorine, burning with 
a greenish flame and forming a clear liquid which on distillation yielded 
phosphoryl trichloride and a residue of mctaphosphoryl chloride : — 

P406 + 4CU = 2P0Cl3 v2POoCl ^ 

The oxide also inflames in bromine. Slow combination yields the 
pentabromidc and pentoxide, thus 

5P4O6 + 20Br2 -SPBr^ + 6P0O5 

Combination with iodine is less vigorous, but when, the oxide and 
iodine in carbon disul])hidc are heated in a sealed tube, orange-red 
P2I4 is deposited. 

The oxide does not mix with sulphur, but when heated together in 
an inert atmosphei’c to about 160° C. the two combine with the pro- 
duction of dipliosphorus dithiotrioxide, 1^40^84. 

The liquid oxide slightly above tlic melting-point does not mix 
with water, but combines with it slowly to give phosphorous acid 

P406-^6ll20 = lIl 3 P 03 

Hot water reacts explosively giving pliosjfliine and red ]:)hosphorus. 

Hydrogen chloride dissolves in ])hos])horous oxide and reacts with 
it in a mannci* which is the reverse of that by which the oxide can be 
formed, this reverse ccpiation being 

P/)(5 -i- 6HC1 -2PCI3 V2PI3PO3 

Such a mixture nmy also gi\'c phosjflioric acid and j)hosphorus, 
according to the equation 

4H3PO3 +PCI3 -;3ll3P04 2P + 3HC1 

Ammonia reacts Adolently with the oxide, reducing it to red ]:)hos- 
phorus. When, however, the ammonia is ]:)asscd into a solution of 
the oxide in ether, it gives a diamide erf phos})horous add, HOP(Xn2)2- 

’ Kiiiclo, Ark.iv. Chon. Gaoi., ]9J7, 7 , Xo. 7; llillcr, Proc-. Hoif. Aon. lAlnt., 19:20, 

46, 7(5, 239. 

“ Thorpe and Tutton, loc. cit. Miller, 1929, loc. clt. 

Geuther, J. prakt. Ghem.y 1873, [2], 8, 359. 
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The oxide acts vigorously upon ethyl aleohol, and by the regulation 
of this reaction diethyl phosphite has been obtained : — 

P4O, ^8C2ll501I:^4lI0P(0C JI5), -2H 1 

The chemical properties of the purified oxide differ in some respects 
from those of the ordinar\^ preparation. It has a ]mngcnt acid smell 
which does not recall the smell of phosphorus. When exposed to 
light, either in an evacuated bulb or in one filled with carbon dioxide, 
it does not turn red. It docs not absorb oxygen at pressures of about 
100 to 80 mm. even at 25'^ C. and in the presence of watej' vapour. 
When heated in a sealed tube containing dry oxygen at 300 mm. it 
shows no glow below 200° C., and the oxygen is onh' slowly absorbed at 
220° C. ^ 

Phosphorus Dioxide, [POoln, or Tetroxide, p2^4- — The formula 
P0O4 is sometimes assigned to this oxide by analogy with X2O4, but 
bv analogv with the other oxides of phosphorus the formula would 
be P4O3. 

The formation of this oxide by the decomposition of P40^; has been 
described already (p. 129). Dy heating in a sealed evacuated tube 
the products of the slow^ combustion of phosphorus, a crystalline 
sublimate is obtained,- which wars shown by Thorpe and Tutton ^ to 
be a distinct new oxide, probably formed according to the expiation 

r40,-3P0o-rP 

The oxide may also be formed directly by slow oxidation of phos})horus 
in oxygen at a pressure of GOO mm. and containing water vapour 
(OT mm.). 

It sublimes at al)out 180° in colourless crystals which are of 
rhombic ap])carancc. The density, is 2*537. The vapour 

density, dctca’inincd at a temperadurc abo\x; 1 1()()° C'., coi'rcspondcd to 
a molecular weight o{‘ -i-dd-G, and therefore* lo ilie* formula 
This oxide is stable in. oxygen at the ordinary t c'mpcra turc*, l)ut is 
oxidised to pc’utoxidc^ at 350° to lOO^ 

As the tc-troxidc has beam shown to ha\x* f lu* {‘ormuia. of a ‘‘ mixed 
cinhydridcA it sliould yield ))hosphorous amd p!K)Sj)horic a,cids on 
li’C'atnient with watci’. Actually, the solution, afte'i* n(‘ut,ralisation 
with sodium hydroxide*, sliowc'd [Ik* reactions of phospiiit(‘s and nieta- 
])hosphatcs. The; hydra! ie)n may t he*re‘for(‘ be* i*e‘pr('se‘iite‘(l by an 
eefualion 

2P()2 f 21120 -.li.PO. i iiPO, 

Phosphorus Penloxide, \dge)rous combustion of phospliorus in 
air ])r()due‘Cs a ve)luniine)iis wlute* pe)W(le*r wliicji is \-cr\' d(‘ii(|iie‘se‘e‘nt 
anel liisse*s w}u*n droppe'd into wat.e*:*, e‘\'e)l\-ing much linat and gi\'ing a 
liepiiel e)i‘ ae‘id re‘ae*tie)n. The-se* salient facts werv obse'rxvel b\' the* e-ai’lv 
we)rke*rs e)n [)iK)sphe)rus, c.g. by He)b(*rt Hoyle; in KtSL I'hc (*ompe)und 
was analyse'd by many ol‘ the* h*aeiing e*he*misis at the* be-giiming of tlic 
nine‘te*('ntli e-e-nt.ury, a.nel the* e*mpirie*al ibrmula ib.O. was e‘stal)lishe*el. 

' I’liorpc' ;ui(l Xoiih, Y’/v/z/.v. (-In in. Snc., I SOo, 57, (>,‘1 L 

- I lauteaciiiIK' and Unray, (Uunpt. x n({., ISSI, 99, d.'t 

Jax'. c/L 

^ Millea', l(jr. cii., Kurisnll, I'idns. Cfuni. Snc., 83, 13 ( 18 . 

’’ W'c'sl^ Tnui^ Chon. Sue., 1903 , 81. '■ Aldlt-f, 1939 , /or:, cit. 
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This oxide is formed by combustion, in a full supply of air or oxygen, 
of white phosphorus (ignition temperature about 60'' C. ), of phosphorous 
oxide C. ), of red phosphorus (about 260" C.), and of the 

phosphines and other combustible comjxnmds. The white powder 
prepared in the laboratory or technically by these methods is always 
im])ure, containing a little phosjdiorous oxide, meta])hosphorie acid, 
etc., while a parb of the pliosphorus usually escapes combustion and 
remains as red ])liosphoriis. The preparation of a pure product re- 
quires further treatment. Thus the j^entoxide may })e thrown into 
a red-hot porcelain basin and stirred in a current of oxygen.^ The 
crude oxide may also be ]*esubiimed in a current of oxygen and passed 
over jdatijused asbestos or ]3latinum sponge.- The product used by 
Baker in experiments on intensive drying was also distilled, without 
the aid of a catalyst, in a current of oxygen at 180° to 210° C. The 
yield w'as about 10 per cent. A convenient apparatus for this pre- 
paration was described by Fincli and Peto.'^ The ordinary pentoxidc 
was pushed continually through a glass tube down the vertical limb 
of a heated iron T-piece which w'as traversed by a current of oxygen. 
The product, w'hich was collected in a wide-mouthed glass bottle, was 
partly crystalline and partly amorphous.'^ 

The purified oxide should be devoid of any alliac^eous odour or 
odour oC phos]3hine, and shoidd not reduce a boiling solution of 
mercuric chloride. lYhcn dissolved in water and tlie solution iicutral- 
ised with alkali (to methyl orange) it should give a white precipitate 
w'itli sih'cr nitrate wduch should not darken aifer boiling for live 
minutes. 

Properties. — Tlie })cntoxid(^ exists in crystalline and vitreous forms, 
the transroimuition temperature of which has been given as -11-0° 
Sublimation 'proc'cecis witli moderate s]3eed between 180° and 250° C.^ 
and tlie vaipoiir pressure may reach 760 inin. at 360° OT" When it is 
sublimed at 300° C. in a cairrent ol* oxygen the oxide forms brilliant 
crystals togetlicr with some of the amor;3hous material which is con- 
sidered to be a ]3rodLuet of ])olymerisation. The crystalline form, by 
X-ray examin.ation, is that of the rhombohedral system with I2P2O5 
in a unit cell : the lengths of the axes are o =]1-12, 5 = 1T2 A.® 

The ivici ting-])oint was found to v'ary between 560° and 570° C. 
according to the time* olTieating." 

Tlie xapour dcaisity indicated a. juolccular weight of 336 at a red 
heat-' and 300 at 1 1-()(V° At the higher temperature, therefore, the 
molecule api3roximates to P40^(, (J/:^28l). 

The inconsistent behax iour on subiimation suggests that phosphorus 
})(;ntoxivde, like sulphur trioxidc and phosphorus itself (q.v.), contains 
at least t3vo crystalline forms, a metastablc form with, a higher and a 
stable form w'itli a lower wipour ]3ressure. These are present as a 

' Triivcr.s, " Kx/jcru/i.ciilal St udij of Gaso:,'' Macnnllan, JDUl, etc. 

- TlireifaJi, rhiL Mag., 1S!)3, [ vj, 35 , 1 ; Shen, stone arid Beck, Tra/Oi-. Client. Soc., 
1893, 63 , 47r),’ 

l'9ncli and Pelo, Tran.-^.. Cla in. Soc., 1922, 121 , 692. 

^ Sec also Finch and Fraser, I'rans. Choit. Soc., 1926, p. 117. 

^ Thorpt' and 71111011 , lor. ci(..\ Tihlim and BarooU, Trou-'i. Ciicui. Soc., 1896, 69 , lot. 

'■ Kcinpf, rl . ■pral'.i. Chrni., 1908, gj, 78 , 228. 

' Iloetiake and Sclicfier, Ucc. True, ch.iiii., 1926, 45 , 191. 

^ Sanfourclie, iiernette and Eair, Bull. Soc. chim., 1930, [Ig 47 , 273. 

^ Tildeii and Barnett, lor. ol. 

"‘J West. Trans. Chci/i. Soc., 1902, 81 , 923. 
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mixture below 300° C., a.t which temperature the vapour pressure of 
the metastable form becomes ap]3reciablc and then increases rapidly, 
reaching 3*5 atm. at 400° C. From this temperature upwards the 
pressure of the stable form becomes apprcciabie and equilibrium 
conditions are more easily obtained.^ The more volatile form may be 
sublimed away ; consequently an abrupt fall of j^ressure aboAm 400^ C. 
has been obseiund.^*^ A stable vapour pressure curve has been obtained 
up to and beyond the triple point. ^ Pure dry oxygen was passed over 
English PoO's ^ which was heated to 270° C. The sublimate was 
received directly in the tensimeter, Avdiich was contained in an electric 
furnace wound witlr nichrome wire which gave temperatures above 
400° C., which were controlled Avithin -~ 2 ° C. The pressures were 
measured by a glass manometer Avith quartz thread indicator.'^ The 
following typical values arc taken from the tabulated results : — 

VAPOUR PRESSURES OF PHOSPHORUS PENTOXIDE. 


Solid. j Lic[uicl. 


522*5 557*5 590*5 013*5 ' 050 700 

P2*0 32*7 08*7 83*9 135*6 216 


The triple point is found at 55*5 cm. of mercury and 580° C. 

The allinity of formation of P 2 O 5 eAudently is Amry great, since no 
dissociation was observed at the highest temperatures mentioned 
aboA'e. When lieatcd in the oxyhydrogen Ha me the oxide giA^cs a 
(‘ontinuous specti’um.'^ In respect of this great stability P 2 O 5 dilfers 
markedly iVoni its congeners N 0 O 5 and AS 0 O 5 . 

The iieat of formation is also by far the highest in the Group and 
is higher than tin: heat of oxidation per atom of any other non-metal. 
The value per mol of solid P 2 O 5 from solid white phosjdiorus and 
gaseous oxygen is gi\'cn as 369*9 Cials./’ 369*1 Cals.” As already 
mentioned (]). 37) the lieats of I'ormation from red ] 3 h.osphorus are 
rather lower. 

Phosjdioric oxide lias also an exce|)tionally high allinity of hydra- 
tion, on whi('h {iceount it is imi\'crsally used, where its chemical ju'o- 
perties ])ermit, as the most powerful (Irving agent for neutral or acid 
gases and licpiids and adso in desiccators. The heat ol hydration ol 
crystalline P 2 G.- is gi\(*u as 1-4*6 Cals.,-^ 1 - 0*8 Cals.-’ The amorphous 
A'arictv when dissoi\'(al in mucli water evolved 33*8 Cals, and the 
Autreous A'arictA' 29*1 Cals.^^’ Hence heat is evolved when the crystalline 
\'arictA^ is transformed into the amorphous variety. 

^ Sjiuls, Z( ttsrh. . Chch!., U))>n, 149 ? 337, 

- SMiitli aiH.I Rill iiOfs, 1 rdns. C /'!(')/!. .11)24, 125 , 2.')/3, 

.ii()]>ki[i Jind Williams, .Manuhict\ir(M-s, 
rJaakson, Trans. (Zitm. Soc.., iljJl, 99 , 1900, 
tlartk'N’, Xca's^ JS9.3, 67 , 279. 

d.diomscM, 'rhrrnincJi.ctfiisclK-ii Ij nU-rs\ic}iuai[j(a, .1.882, I..oipzig. 

' Giraii, Coarjjf. rritd., 1993, 13 ^? o.lO, G77, 
tiautUeuillc and rorrey, Loc. clt. 

^ Gir-an, loc. oil., and Ann. Chini. Phys., 1903, [7J, 30 , 203. 

Giran, loc. cit. 


; U C. . . 419 

I p cm. mercury 2*3 
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Structure . — Many possible structures may be assii^necl to the mole- 
cule. Whichever ol these is a(lo})tcd the ])hos])horus must be quinquc- 
valeiit according to the old represcntatLon, or quadri v'alent with a 
seraipolar bond accordino- to the '' octet ” tlicory. Thus 
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Chemical Properties .- — Phosphorus pentoxidc was reduced by 
hydrogen at a red heat in the presence of nickel,^ and by carbon at 
high temperatures, but not by silicon.- 

The alkali and alkaline earth metals react with great energy when 
heated with the oxide, giving oxides and phosphides.^ 

When heated with halicles of phosphorus tlic two molecules give 
oxyhalides, the change being represented by the equation 

P^Oio-tCPCls^lOPOClg 

or P4O10 -t OPEr^ = 10POBr3 

The pentoxide also gives the oxychloi’idc when heated with the halides 
of other non-metals, altliough tlic other non-metal docs not necessarily 
give oxyhalide also. Thus with boron trichloride 

P 0 O 5 -r 2 ECl 3 -P0a;>.BCl3 -sEPO, 

and with carbon tetrachloride in a sealed tul:)e ])ctwccn 200° and 800° 


P.O^ -s- 2CCI4 = COCU COo -r 2 POCI3 
With an excess of P2O5 

2P2O3 -r8CCl, =8COo dPOCl. - 

Oxyhalides of ])hos])horiis arc also ])roduc.cd wlicn the pentoxidc is 
heated with (luoridcs or clilorides of tlic alkali and alkaliiic earth 
metals ; tlius POF 3 is produced with calcium fluoride ^ and POCdg 
with sodium cldoridc." 

AVlien l)rought into contac-t with water under various conditions 
phosphorus pentoxide forms one or more of diiTcrentiy liydratcd acids. 
Metaphosj)horic acid {q.i'.) ])robably is the first })roduct. 

The pentoxide has a poAvcndul dcliydrating cflect upon oxyacids 
and is therefore used in ])rc])a.ring anhydrides fVo]n these (see under 
‘‘ Nitrogen Pentoxide,*’ tliis Volume, Part I.). It also removes halogen 
from halogen hydraeids under some conditions, giving oxyhalides, e.g. 

^ X(‘OLii aTid Adlucary, ZtiL'^efi. aiiortj. Chcui., leUO, 69, 201). 

- Kcililonlxa-o and TrautTiiaiin, I'raiis. A'mcr. Eldc.hodn.ni. Xoc., JDCI, 39, Wil . 

^ Davy, Phil. Trans., ISIS, 108, 316. 

^ BoT'ger, Cviivpt. r(:n<L, 1U08, 146, 400. 

^ Gustavson, Pjtr., 1871, 4, 853; 1872, 5, 30. 

“ TJiorpe a,nd Ilambly, Trans. Chtm. Sac., 1880, 55, 750. 

" Kolbc and Lautemann, An.nalen, 1860, 113, 2-10. 
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POF3 from HFU Hydrogen chloride is completely absorbed by 
oxide and gi\'es a liquid from which POCI3 can be distilled.'^ 

Plmsphorus pentoxide cannot be oxidised further by ordi 
oxidising agents, cxcc])t to compounds of the “ pcracid type, 
oxygen is displaced by metathesis as just shown, but not by a 
drous halogens, except lluorine, vvdiich at a dull red heat gives 
and POF3.*' 

Diy ammonia gives amido- or imido-phosphoric acids (r/.a.), 
also salts such as diammonium amidopyrojihosphatc.^ 

^ Goto, Trans. Chrnn. Soc., 1869, 22, 368. 

- Railcy and Fowler, Trans. Chcm. Soc., 1888, 53, 755. 

^ Mois.san, Bull. Soc. chini., 1891, [3], 5, 458. 

^ Sanfourchc, I-lernctte and Fair, loc. cit. Sec also SchitT, AnnaJen, 1857, 103, 1 
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THE OXYAGIDS OF PPIOSPHORUS— UNSATURATED. 

The numerous ox\'aeids of phosphorus may be regarded as derived 
from three ]n’ototypes, namely, hypopliosphorous aeid, IlgPOg, phos- 
phorous aeid, and orthophosplioric acid, H3PO4, in all of 

which phosphorus probably has the co-ordination number 4 (see p. 59). 

In the hypophos]3horous and pliosphorous series the ]:>hosphorus 
undoubtedly is in a lower state of oxidation, and may be wholly in the 
trivalcnt state, which corresponds to a symmetrical structure of the 
molecules. i\lorc ])robably, however, these acids consist of a mixture 
containing the more symmetrical molecules in tautomeric equilibrium 
with less symmetrical molecules which contain hydrogen directly 
united to ])hos-|)horus. In cither form the unsaturated acids and their 
salts are powerful reducing agents and are easily oxidised to the stable 
phosphate series. 

Hypopliosphorous Acid. — The alkali salts of this acid were dis- 
covered among the products of the decomposition of ])hosphides by 
water. ^ A method of pre])aring hyjiophosphites by boiling milk of 
lime witli phosphorus was also discovered early in the nineteenth 
century. The resulting solution of calcium hypophosphite could then 
be decomposed by oxalic acid.- ny])ophosphitc was also ])rcpared by 
heating the ])hos])]iorus with a solution of baryta.*^ The barium salt, 
Ea(IIoPOo)2, is easily rec'rystallised, and from it the free acid ma\' be 
prepared by double decom])osition of a fifth molar solution with the 
calculated amount of 20 to 25 ])cr cent, sulphuric aeid.'^ The filtered 
solution may be cvxaporatcd first to one- tenth of its volume and then 
until tlic tcmj)craturc rises to 105^ G. It is filtered hot and then further 
evajoorated to a temperature of 110° C., and this evaporation by stages 
is continued until the temperature rises to 130° or even 138° C. without 
decomposition. The liquid should then be poured into a closed flask 
and cooled to 0° when it nearly all solidifies to a mass of crystals. 
Crystallisation may be induced if necessary by seeding wdth a crystal 
of the acid.''" The commercial aeid usually contains calcium salts. 
These may be removed by the addition of alcohol and much ether to 
the eva])oratcd solution, when the salts arc precipitated. The alcohol 
and ether arc removed by distillation and the acid is further concen- 
trated as above. ^ 

1 Tulong, PliiL Man., ISIG, 48, 271. 

“ Rose, Aviiahn, 1848, 58, oUl. 

^ Dulong, /oc. cR. ; Atin. Ckitn. Phys., 1816, [2], 2, 141. 

Thoin.scn, Per., 1S7-1, 7, 994; Annalen, 1871, 143, 354, 497. 

^ 41arie, Compt. rend., 1904, 138, 1216. 

Micliaehs and von Arend, Atinalen, 1901, 314, 266. 
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Froperties .—Th.(t density of the crystallised acid is given as 1-4625.^ 
Tlie melting-point, 17*4° C.^ or 26-5° C.,^ no doubt varies with small 
A'ariations in the pro]3ortion of water ])resent. 

The latent licat of fusion (heat absorbed) is 2*4 Cals., the latent 
heat of solution of the crystals from -0*2 to -0*17 Cals., and of the 
fused acid from +2-2 to 6-2-14 Cals, (per mol in each case). 

The heats of formation (heat cAmlved) from the elements 

P (solid) -fOo (gas) -f-ipio (gas) 

are -137-7 Cals, (liquid acid), +140-0 Cals, (solid acid), +139-8 Cals, 
(dissolved aeid).^ 

The pure acid decomposes rapidly Avhen heated above 130^ C. and 
below 140° C. mainly according to the equation 

3H3PO2 =PH3 +2H3PO3 

while between 160° and 170° C. the main decomposition (consecutive 
reaction) is symbolised as 

4 H 0 PO 3 =PH 3 -6 3H3POi 3 

Aqueous Solutions of HypophosqAiorous Acid. — The effect of dilution 
on the molar conductivity of liypophosjAliorous acid shows that the 
acid is moderately strong, but however obeys the law of mass or con- 
cejitration action sufficiently well to give a “ constant {K below) 
which remains of the same order although it diminishes steadily with 
increasing dilution. 

MOLAR CONDUCTIVITIES OF HYPOPHOSPHOROUS 




ACID AT 

25° C." 


V . 

• : 2 i 

4 8 

1 6 ' 32 64 

128 i 

B • 

140 ; 

1 72 : 207 

245 281 312 

335 1 

K . 

. : 0-10P2 1 

0-087G 0-0737 

0-0C70 . 0-0587 0-0508 

0-0417 ! 

K' 


0-1015 

0-1014 i 0-1017 0-1014 

0-1019 1 






'■ y . 

. : 256 

532 

1024 ■ 2048 ' 

GC : 

\ iJ- ■ 

352 

;3()1 

367 368-3 

389 


0-0336 

o-() 2 ;n 

0-0154 0-0082 


1 K' 

1 

. 1 0*1024 

! 0-1008 

0-1014 0-1028 

! 


Tlic values of a (=y p,^) in the expression a-;{l-a)F^K w+re cal- 
culated from y^=380 based on the Avork of Ai'rhcnius.^ The ionic 

^ IMieliaclis anci von ArencL, loc. ciL - Thomsen, loc. oil. 

^ Mai’ic, loc. at. 

' Thomson, +c, cU., and Btr., 1870, 3, 187, 503; 1871, 4, 308, 586; J. prokl. Clwm.y 
1875, L'2j, II, J33. 

^ Oritwald, " Lplirbuclh der Allgcm. Ckehi.P' 1003, 2 , Leipzig. 

^ Arrhenius, Zeifsch. phyHkcd. Clicia., 1889, 4, 96. 
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conductivity of H^ = 347, which gives L.^ of HoPOo” as 42-0, in 
agreement with the value 41*8 deduced from tlic sodium salt A 

These values have been recalculated to the newer units “ and an 
empirical constant Iv (see table) has been found which shows a better 
const an ey 5 i.e. : 


K' ^ 


(1 





V 


The constant K has been redetermined by Koltlioff ^ as 0-01 at 
F = 1000 and 0-062 at P" = 20. In another series of results the values 
of a and K were derived from Aoo ==302-5, which was based on the 
limiting conductivit}^ of NaPIoPOo (at 25"^ C. ) : — ^ 


c mols /litre 

0-5004 1 

0-2502 

0-1251 

’ 0-06255 

0-03128 

1 A 

137-1 

168-5 

205-0 

242-9 

1 279-5 


whence K may be calculated in the usual manner. 

The conductivity increases at first with the temperature as is usual ; 
the rate of increase then diminishes and the conductivity reaches a 
maximum at about 50° C., the exact temperature varying with the 
concentration and being 57° C. in the case of normal acid.^ The con- 
ductivity then decreases. It is siip])osed that the effect of the normal 
increase in ionic mobility with temperature is diminished and finally 
reversed by the opposite effect of decreasing dissociation. Since the 
dissociation constant decreases with rise of temjoeraturc the dissociation 
into ions must take place with evolution of heat, i.e. the heat of ionisa- 
tion is positive. Therefore the neutralisation of the acid with alkali 
must result in a pi’oduction of licat greater than the licat of formation 
of water from its ions, which may be taken as 13-52 Cals, per mol. 
If the heat of dissociation is Qj Cals. ])er gram-ion and the undissociated 
])ortion of the free acid is 1 - a, then the total heat of neutralisation 
Q,, will be given by the equation 

Qn = 13-52 -r (I — a) Qa Cals. 

At 21-5° C. a is ()-41-9 at a certain concentration and (I-a)Qa has 
the value v 1-709 Cals. Therefore is 15-289 Cals, by calculation, 
while the experimental value was 15-316 Cals.^' 

The transport number of the anion was fo\.md to be 41-8.^ 

Basicitij. — The results of conductivity measurements indicate that 
only one of the hydrogens is dissociable as ion, the dissociatio]'i taking 
place according to the equation 

II3P02 = IT -rlloPOo- 

In the process of neutralisation also only one hydrion takes ]^art, as is 
shown by the fact that the heat evolved practically reaches a limit 

^ Brodig, Zutsch.. . Chem., 1894, 13 , 191. 

- Trans. C'kern. Sue., 1920, 117 , 9.37. 

Kollliof}', Rc.c. Trav. chon., 1927, 46 , .SdO. 

Ivanistcdt, Mcddc.L Vtl. Akad.. Xofjcii.n.sfduf., 191.3, 3 , Xo. 7. 
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when one equivalent of alkali has been added to one mol of the acid. 
Thus when 2, 1 and 0-5 mols of the acid were added to one equivalent 
of XaOH the heats observed were 15*4, 15-2 and T-6 Cals.^ 

The monobasicity is conlirmed b}'" the formuhe of all the known 
salts. 

Oxidation in Soliilion . — Hypophosphorous acid and its salts arc 
strong reducing agents and are oxidised to ]3hosphorous acid or finally 
to phosphoric acid and their salts. The self-oxidation and -reduction 
to 23hosphine and phosphorous acid is described on p. 136. A similar 
reaction is brought about by hydrogen iodide : — 

3H3PO2 + HI - 2H3PO3 + PHJ 2 

Hypophosphorous acid is also oxidised to phosphorous acid by sulphur 
dioxide with deposition of sulphur,^ and by phosphorus trichloride 
Avith deposition of phosphorus, thus 

3H3PO2 + PCI3 = 2H3PO3 -f- 2P + 3HC1 4 

It is oxidised by alkali Avith CAmlution of hydrogen : — 

XaHoPOo -f-XaOH = Na,PIP03 -i-H. ^ 

The velocity constant of this reaction has been measured at tempera- 
tures slightly beloAV 100" C. It is slightly greater for KOH than for 
NaOPI at equiA'alent concentration, and increases faster than the 
concentration of the alkali.^ 

Salts of the noble metals arc reduced by hypophosphorous acid or 
hypophosphitcs, and in many cases phosphorous acid can be isolated 
among the ]Droducts. Tlic reduction of sihvcr nitrate Avas noticed by 
the early Avorkers." Phosphoric acid Avas formed Avith or Avithout the 
CAmlution of hydrogen, thus : — 

2XaHoPOo + 2AgX03 -r 4HoO = 2II3PO4 2XaX03 4- 3Ho -1- 2Ag 
or the nascent hydrogen gaAm more silver : — 

2H -r 2AgX03 = 2HXO3 T 2Ag ^ 

The formation of phosphorous acid is represented by the equation 
2A0XO3 -!- H3PO0 -r H.O = 2 Ag -r H3PO3 -4 2HXO3 

Copper sulphate is reduced to copper Avith the production of an acid 
solution : — 

4CUSO4 -f-Ba(HoPOo)2 + iHoO ==2H3P0.3 -i-lCu -fBaSO^ + ^ 

It has also been stated that copper Innlride is first produced, Avhieh 

^ Thomsen, loc. cit. 

- Poundorf, Jena Zeit. 8ii‘ppl., 1876, [2], 3, Id. 

2 Poundorf, loc. cit.-, Rothcr, Pharni. J., 1879, [31, 10, 286. 

Geuthei-, J. praU. Chew.., 1874, [2], 8, 366. 

Loessner, Utber reaki. d. untewphospJior. Sdure, etc.,'' Wldda i Tliurm, 1911. 

° Loessner, loc. cit.; 8ieverLs and 'Loessner, Zeitsch. aiLorn. Cheni., 1912, 76, 10; Hajor, 

''' Zur Kenntnis der phosp'h. ti. iinterphospli. Sdure,"''' l\'eida i Tliurm, 1908. 

" Dulong, Joe. cit. 

^ SieA'-erts, Zeitsch. anorg. Chem., 1909, 64, 29; Sieverts and Loessner, loc. cit. 

^ Rose, Annalen, 1827, 9, 225; 1828, ii, 92; 1828, 12, 77, 288; 1834, 32, 467; 1843, 
58, 301. 
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dccoinposes with evolution of hydrogen A It appears further that, 
■with excess of the hy])op]iosphite, hydrogen also is e^'olvcd, wliile with 
excess of eo]p)er salt copper only is precipitated. “ The spongy copper 
ajp^ears to act as a catalytic agent in liberating hydrogen from excess 
of hypopliospliorous acid. Cuprous oxide probably is first formed, 
and the substance first precipitated from an acid solution may contain 
this with hydride and ])hosphate.^ 

Mercuric chloride is reduced to mercurous chloride and mercury,^ 
In this case also phosphorous acid was produced, and by a reaction 
wliich Avas quicker than that wMich led to phosphoric acid, thus : — 

HoPOo -r2HgCU -rH.O -H3P03 + HgXlo + 2HC1 " 

Palladous salts oxidise the acid to phosphoric acid Avith deposition 
of jAalladium.^ 

Tiic Axlocitics of some oxidations have been determined. Thus in 
tlie reaction 

H3PO2 -f lo A H.O =H3P03 + 2HI 

the Axdocity aaWiS independent of the concentration of iodine if this aa'us 
more than 0-00 IN, and unimolecular with respect to IlgPOoA The 
hypothesis has been advanced that the reducing agent is an acti\m 
form H 5 PO 2 , Avhich is produced AAltli a measurable Amlocity (catalysed 
liy hydrogen ions) aaIacu tlie equilibrium amount is diminished.® 

The TlypojTiios'phites. — I-Iy])ophosphites of most of the metals luiAm 
been ])rcpared by a fcAv general reactions : — 

( 1 ) Py heating aqueous solutions of the alkali or alkaline earth 

Iwdroxides Avith Avhitc phosphorus. 

(2) Py the double deconqiosition of barium hypo]:>hosphitc Avit.li 

the sul])]iate of the required metal. 

(3) Py dissohlng tlic hydroxide or carbonate of tlic metal in hypo- 

]ihos]ih.orous acid. 

Tlic ]iy])0])]ios])hitcs arc all sohdile. Those of barium and calcium, 
Avhich arc the least soluble, dissolve in 2-5 to 3-5 and G to 7 parts of 
Avater respectively. Those of the alkali metals and ammonium dissolve 
also in alcohol. Solutions of hypophosphites of the alkali metals are 
fairly stable, cs[)ccially in the absence of air, and the salts generally 
nuay be obtained in Avell-crystallised forms by evaporation. i\Iore 
concentrated solutions often decompose, especially if alkaline, Avith 
CA'olution of ]dios])hine. The dry salts are also fairly stable in the 
cold, but Avhen heated dccom|)osc giving phosphine and hydrogen and 
IcaAlng the ]3yro- or mcta-phosphatc. 

The electrical conductivities of the sodium salt ^ and of the barium 
salt giv'c the mobility of the IIoP 02 “ ion. 

1 Wiirtz, Chiin. Phys., 1844, [3], ii, 2;10; 1846, [3], i6, 190. 

“ Sievci'ts, loc, cit.; Aliithniann and Mawrow, ibid., 1896, ii, 268. 

^ Firtli and Mycr.-^, Trails. Cht'Di,. Soc.y 1911, 99, 1329. 
tvose, loc. cit. 

^ yilclie]], Trans. Chenn-. Soc., 1921, 119, 1266. 

Sicvcrls, Sicvcrls and Eocssner, loc. cit. 

" Stcu'Jo, 'iTrans. Chcni. Soc., 1907, 91, 1641. 

8 KoltlioO, Pharm.. Wecl'blad, 1916, 53, 909; 1924, 61, 934; 3[itclio]], Trans. CUm. 
Soc., 1920, 1 17, 1322. 

^ Ranistedl, Mtddtl. Vet. Ahad. Nobelinstitut, 1915, 3, No. 7. 

WalJon, Zeitsch. physihal. Chein., 18S7, i, 529. 
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The rormiil?e of some typical hypophosphites are as follows : — 

LilloPO 2.1-100, moDOclinic prisms ; .XaH2T^02.I-l20, monoelinie 

])risms : KH2PO2, hexagonal plates ; XH-I^HoPOo, rhombic tables ; 
Mo(ll2p02)2-bll20, tetragonal ; Ca(Jl2P02)2; monoelinie leallets ; 

Ba(H2i^02)2PP2^^^ monoelinie needles or prisms ; Cu(H2P02)2) white 
preeipitate ; Pb(I-l2P02)25 rhombic prisms ; Fe(H2P02)2-bIT20, green 
oetahedra ; Fe(IT2P02)3-'^d'l20, white precipitate; Co(H2l^02)2-^H20, 
red tetragonal : XT(I-l2P02)2.f>H20, green crystals. 

Tlie hexahydrated salts of magnesium and the iron group are said 
to be isomorphous. Further details about each salt are given under 
the metal in the ap]:)ropriate volume of this Series. 

Ammonium and hydroxylamine hypo])hosphites have been prepared 
by double decomposition between the sulphates and barium hypo- 
phosphite. The ammonium salt, X’l-F^HoPOop was crystallised from 
water or alcohol. \Yhen heated to about 200^^ C. it melted and de- 
composed, giving off ammonia, phosphine and hydrogen and leaving 
a mixture of pyro- and meta-phosphorie acids. Hydroxylamine hypo- 
phosphite, NH2OH.H3PO2, has also been prepared by reaction between 
KH2PO2 and X'HoOH.HCl, and was extracted with hot absolute 
alcohol.- Solutions of this salt must be evaporated in an atmos]:)here 
of CO 2, etc. in order to avoid oxidation. The crystals obtained were 
very deliquescent. They began to decompose at about 60° C., melted 
below 100° C. and exploded at a higher temperature.'^ 

The detection, estimation and structure of hy])ophosphitcs are 
discussed under “ Phosphites ” {q.v.). 

In contradistinction to phosphorus itself and the products of its 
slow oxidation, hypo])hosphorous acid and the hypophosphites do not 
appear to be toxic. ^ Calcium hypophosphite appears to be completely 
eliminable from the system.^ Flypophosphites of calcium, sodium and 
iron have been ])rescribed in medicine, but although in some cases they 
appear to have done good there is no conclusive evidence of the value 
of the hypophosphite radical apart from the basic radical or other 
constituent of flie mixture. 

Phosphorous Acid, H3PO3. — The production of an acid liquid by 
the slow combustion of phosphorus in the ])rcsencc of water was 
observed by le Sage in 1777.*'" The acid was prepared by Pelletier by 
drawir.g a slow^ current of air over phosphorus enclosed in fine tubes 
vdiieh dipped into water.” The distinction bctw’'cen this acid and 
phosj)liorie acid w'as recognised in the early nineteenth century, as also 
wms the fact that the slow combustion of ])hosphorus could yield a 
mixture of the two acids.® 

The method of prcj^aration just mentioned is not a good one. 
P]ios])horous oxide dissolves only slowly in cold wmter and ])hos])horie 
acid is continuously produced from the first, while hot water gives a 

^ Duloncr, loc. at., and An.ii. Phil., 1818, ii, 134; RcLminclsbei\i:', Aivn.aJe./i., 18G7, 
132, 41)1 ; Trans. Ch-rii. Sac., 1S7.‘), 26, 1, 1.3; Ihchaclis and von Arend, loc. cit. 

- J-td'mann and l\ohn(diuttcr, Zeitsch. a/Lorrj. Chew., 1898, 16, 409. 

8al)anc(dl', Bcr., .1897, 30, 287; Zentsch. anor<j. Uhtm.., 1898, 17, 483; 1899, 20, 21. 

Itifjuvlin and .loly, Conijjt. rtnd., 1878, 86, loOd; J. JSutrni. Chim., 1878, [4 ], 28, 
314; Polk, Pharm. J., 1874, [3], 5, 425. 

Pauzor, Zctitsch. Sahr. Genvs.<-m.., 1902, 5, 11. 

« Ic Sayc, MAn. Acad., 1777, p. 321. 

" J"clletie]', Ann. Chirn. Phys., 1792, [1], 14, 113. 

® Davy, Phil. Trans., 1812, 102, 405; 1818, 108, 316; Dulony, Ami. Chirn. Phys., 
1816, [2], 2, 141; Phil. Mag., 1816, 48, 271; Sommer, J. Soc. Chera. Lid., 1885, 4, 574. 
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variety of products. A better method is that recommended by Davy A 
namely, by the lunlrolysis of phosphorus trichloride. Some vdiitc 
phos])horus is placed in a. deep cylinder and covered with vvitcr. The 
element is melted and chlorine is passed in through a tube which dips 
well into the ]:)hosphorus.“ Large quantities m^xy be quickly obtained 
by this method, but the product contains ]:>hosphoric acid. Regulated 
action of PCI 3 on water may be crtccted by passing a current of di'y 
air through the ti'ichloride kept at 60"^ C. and then through two wash- 
bottles containing water. ^ The action is also much less violent if an 
acid such as concentrated aqueous hydrochloric acid is used in place 
of the water. Oxalic acid is most suitable, since it is dehydrated with 
decomposition when heated in a dask witli phosplmrus trichloride. 
The flask is furnished with a reflux condenser. }>Iuch of the IICl is 
evolved and a concentrated solution of phosphorous acid remains : — 

PC13 -ealloC A =n3P03 -rdCO t3COo -^8HC1 ^ 

In these prejoarations it is usually necessary to remove the hydro- 
chloric acid which is produced ; this may be done by distilling the 
solution up to a temperature not exceeding 180^ C. A syrupy liquid 
is then obtained which, after cooling, crystallises quicldy, or at any rate 
within a fe^v hours. The ])r 0 (!css may be hastened as usual by seeding. 

Physical Fro'perties . — The crystalline acid was found to melt at 
T0T° C.,^ 74° C.^ The density of the liquid supercooled at 21° C. was 
1-651.^ The latent heat of fusion of the acid was found to be 7-07 Cals.^ 
The heat of solution of the acid per mol dissolved in 400 mols or more 
of water was -^233 Cals.'^ The heat of formation of the crystallised 
acid has been given as ^227-7 Cals.’"' 

Aqueous Solutions . — The conductivities of ]:)hosphorous acid arc 
lower than tliose of hypophos])horoi,is acid at corrcs])onding dihitions, 
showing that the former acid is less dissociated, as ap])cars from the 
following values : — " 

MOLAR CONDUCTIVITIES OF PFIOSPHOROUS 
ACID AT 25° G. 


32 , 04 128 250 512 1024 
252 202 318 337 351 358 


Since phos])horous acid is dibasic, the dissociation constant was 
not calculated from the conductivities, but from the hydrogcai-ion 
concenti'ations set up during neutralisation, whicli may be ex])ressed 
by a neutralisation curve. This ^ gave K^=^0-i)o and AU -- 2 * t x 10 ^'"' 
oU^ = 0-010 at c = 0-001 to A, = 0-002 at c = 0-1 and Abr=0-7 x 10 “^ 

^ Loc. cll. 

- Drocjuet, J. Chim.. Med., 1S2S, [IJ, 4, 220. 

^ Gi'oshcintz, Bull. Son. clrrm., 1877, 1^2], 27, 488. 

Hurtzio MHcl. (iJc'ui iic;r, ,J . prakl. (■ii.u)i., ISaO, [ I], iii, 170. 

Thomsc'n, loc. ciL 

^ Hurtzig- "Btfiicfc. Jjcilrdijc. zur /uihcr<ri kdcunf/i/s drr S'auie/i. dcs lUics nJiors 
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As in the case of hypophosphorous acid, the molar conductivity, v'hile 
increasing at first with temperature, reached a maximum at about 
70" C. and then diminished.^ 

The lowering of the freezing-point, - At, and the elevation of the 
boiling-point, -r At, of water, which is made c-normal with respect to 
phosjfiiorous acid, are taken as proving that polymerisation had taken 
place as well as electrolytic dissociation. 

LOWERING OF FREEZING-POINT OF WATER 
BY H3PO3. 


C . . ■ 

1-186 

0-539- 

0-296 

0-148 

- At, " C. 

2-941 

1-538 

0-835 

0-4.55 

i . 

1-128 

1-143 

1-515 : 

1-650 


RAISING OF THE BOILING-POINT OF WATER 
BY H3PO3. 


()'24J. ()-122 

OTG ()-i;3 

1-215 1-072 


The factors or activity coellicients ? are calculated on the assuni[)- 
tion that the original molecules dissociating are the; sinijdest ie 
II.3PO3.2 

Basidtij.-- In the neutralisation of the acid by NaOl! in dilute 
solution it wa,s ioiind that 

n 3 P 03 S- NaOII - XalloPO., v ilT) -e 1 18 ( als. 

11.31^)3 -r2Na011 -XaJIFO.3 -r 211.0 -1-2 X 1 1.2 Cals. 

H.3ld)3-r;3Na0n==NaonP03-f 2II0O i Xa,00 vd x 0(> Cals. 

whciK'C only two of the hydrogcais arc; ionisahlc.'^ So Ihr as [lu^ fornuilcC 
of j)hosp]utes arc known (u. infra, p. IK;), llu-y contain a. inaxiniuin 
of two c(|ui\'alciits of a base combincal witli 1 mol ol“ the* acid. AttcanpLs 
to prc'parc' Xa^PO.} have- not bccai siu-cc-ssfid. ’ Dibasicity is also eoji- 
iirincd by a study of the lu-utralisat ion curve-s. 

Oxidation in Solution.- Idiosphoroiis acid and (Ik- pliospliiU's aix; 
not (|uitc sucli strong rcalucing agents as hypopliosplioroiis acid a.nd 
the' h\p)0})liosphit(‘s. The IVcc acid uiulcrgoc-s sc-if-oxidation and 
-rcaluction at a liighcr tc;mpcratur(* than hypophosplioroiis acid 
(s(X‘ j), 188). 

Atmospheric oxygen docs not oxidise the- acid at ordinary tciu- 

‘ ( )stu aid, tor . elf. 

Id’ohably should ho O-oOm 

“ I " lU itrdtjf. znr Ki tnitnis do ptioephn) ((joi Sdurc. imd ihr<) XV/grp J!)I7, 
hr(‘d>ur;j, i. l>f. 


' c . . ' 0-976 ■ 0-l-8<S 

+ A<. . i 0-51 I 0-28 

\ i . . ; 0-969 I 1-063 


/.;/ • A 


< Aun f'hXu fO, 
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peratures, nor is such oxidation catalysed by iodine in the dark. In 
the light, however, hydrogen iodide is formed according to the equation 

II 3 PO . -r 1 2 -f II oO H 3PO4 -i- 2HI 
being reoxidised rapidly b}' oxygen, thus 

2111-r 

The oxidation of phosphites by iodine was found to proceed to com- 
pletion in neutral solution - (see "'Estimation,*' p. 149). Over a 
narrow range of concentrations the reaction was found to be uni- 
molecular with respect to iodine and phosphorous acid.^ It is said 
to be catalysed by hydrogen ions which arc formed as the reaction 
proceeds.'^ A further study of the velocity constants showed that the 
mechanism w'as more complicated than liad previously been su])posed, 
and that the two tautomeric forms participated in different ways.^ 
A solution of iodine in potassium iodide contains the ions I" and Ik, 
and also molecular iodine, lo. The latter reacts directly with the 
normal form of phosphorous acid and this reaction is repressed by 
hydrogen ions. Simultaneously, the phosphorous acid changes into 
another form with which the I;., ioii reacts. This second reaction is 
accelerated by hydrogen ions either directly or, more probably, because 
they accelerate the tautomeric; change. 

General Reactiofis . — Various products were obtained when phos- 
phorous acid was heated with halogens in a sealed tube. Iodine gave 
phosj^horic and hydriodic acids, phosphoniuin iodide and an iodide 
of phosphorus, whilst bromine gave phosphoric acid, phosphorus tri- 
bromide and hydrol)romic acid.^ A diy ether solution of the acid was 
not oxidised by bromine or dry ])alladium black, but oxidation pro- 
ceeded readily in the presence of moisture." 

Phosplrorous acid also reduced sulphurous acid, tlie end ]Droducts 
being sul]Dhur and phos])horie acid, thus : — 

2II3PO3 -f- II0SO3 = 2H.>PO^ -f S -r IIoO 8 

Sulphuric acid, which dissolved phosphorous acid in the cold, was 
reduced to sulphur dioxide on heating.^ 

Salts of the noble metals, including c:opper and mercury, were found 
to oxidise plmsphorous to pliosphoric acid. The metal was precipitated 
from silver salts and also from gold salts. It is generally agreed 

^ Luthci’ and Idotnikoff, Zeit.^ch. j)h}fMkal. Ch(:7/i., 1908, 61 , 013. 

- Rupp aud tduck, JJer , 1002, 35 , .3601. 

Redorliii, ZcaUch. pky.^lkdL Chr.in., 1002, 41 , 36a. 

Slec‘l(\, Tratts. Cfitm. Soc., 1000, 95 , 220.3. 

^ Mitchell, J'ran-s. Chari} . H(jC., 1023, 123 , 2241: and luc. cjl. 

Gusuiv.son, J. jjrakl. 1867, [ 1 J, loi, 123. 

' Wieland and \Vin<ilcr, AD.nxdtn, 1023, 434 , 18-7. 

Wohler, Arivalan , 1841, 39 , 272; Cavazzi, Oazzrdta, 1SS6, 16 , 160. 

Wiirtz, Co/iipL rend., 1844, 18 , 702; 1847, 21 , 149, 374; Adic, TrfUiS.. CJieJii. Soc., 
1891,59,230. 

Sieverts, Zadtsch. anorg. Chein., 1900, 64 , 20 ; Vanino, Ph.ann. Zaulr.-h., 1809, 49 , 637. 

Balard, Ann. Chlni. Fhys., 1834, [2J, 57 , 227; Wurtz, loc. cU ; Sieverts, Alajor, 
^\Zur Kenninis cier jAo^^phorigeri v. iul unterjAio.^pfiGrigc/i Sdv.rc,"' Weidai Th., 1908. 
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that copper is precipitated from copper sulphate,^ while cuprous oxide 
or hydrogen may also he liberated, according to the conditions : — 

3H3PO, + C11SO4 8H0O = Cu 2Ho 8I-I3PO4 + H^SO, 

H3P63 + CUSO4 + HoO = Cu -f- H3PO4 + H2SO4 

The reduction of mercuric chloride gave mercurous chloride when 
the mercuric chloride was in excess, and mercury when the phosphorous 
acid wus in excess,- wUile the total reaction can be represented by the 
equations 

2lIgCU -f- IT.PO3 -f H.O - H;3P0,, -f 2HgCl + 2HC1 . (1 ) 

or HgCU +'H3P03 -tPIgO =IT3P04 +Hg + 2HC1 . . (2) 

The mechanism has not been completely elucidated and may be Axry 
complex. The reaction has been classified as of the third order in 
dilute solution, and as of the first order with respect to HgCU.^ But 
it has also been stated that the reaction which is chiefly responsible for 
the observed velocit}" is the conversion of a first or normal form of 
H3PO3 into a second or active form, which then reacts according to 
equation (2) above. In the absence of extraneous chloride ions these 
arc 2)roduccd by another reaction, thus'- 

IlgCl +II3PO3 (normal) -fIT20 =1T3P04 + IIg + 2H'' + 01“ ^ 

Many other oxidising agents are capable of oxidising phosphorous 
acid. The reaction Avith potassium persulphate is very slow, but in 
the presence of liydriodic acid it is much accelerated. This is a good 
example of a coupled reaction.^ 

Phosphorous acid forms esters by direct union Avith several alcohols.^’ 
With ethyl alcohol it gave diethyl })hosphitc.” Ethyl dcriA+iti\x.\s of 
])hosphorous and phosphoric acids have been jnadc by the action of 
bromine on sodium diethyl phosphite in ligroin. They arc separated 
by fractional distillation.^ 

The Fhos2)hites . — Two scries of phos])hitcs arc known, the primary 
phosphites, MII2PO3, and the secondary, i\lJIP03, M being a univalent 
metal. Crystalline salts have also been pi'e})ared containing a,n excess 
of phosphorous acid. The phos])hitcs of the alkali ji:)ctaLs and ammonia 
are soluble, those of the alkaline earths sparingly soluble, wliile those of 
other metals arc only very slightly soluble. They may be prepared by 
the usual jncthods — 

(1) By neutralising ])hos])horous acid to the appropriate end ]H)int 

with alkali hydroxide's and evaporating to crystallisation. 

(2) By neulralising a solution of jtiosphorous acid, or one made 

from BC43, Avith a.mmonia, a,nd adding a salt of the rccpjircd 
metal. 

(3) By dissolving the hydroxide of the base in ])hosphor()us a.cid. 

' JxaminoLsbor^S Ainmlui, KSOT, 131, -b:>, ItV); 132, 4Sl; JSiovorts, loc. ciL\ Major, 
loc. ciL 

~ Balard, lor. nL\ Wiirtz, lor. rif. 

Linhart, A/i/cr. J. Set., 10 It, 14], 35, .‘iSt. 

Mifcholl, ('f/ftji. Sor., 102-i, 125, lOlt. 

Artl-<r}h. dhr.'iii 1002, 4^? 'J/O. 

Sachs and Lcvilsky? J. Huhs. Cluiit. Soc.y 100‘>, 35, 211. 

" Thorpe and. Xorth, Trans. Chtni. JSoc., 1800, 57, 6.44. 

« Arbusov, J. 'prakl. Chtni., 1031, [2J, 131, 103. 
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The phosphites are fairly stable in the absence of oxidising agents 
and dilute solutions may even be boiled without decomposition, Alorc 
concentrated solutions may decompose, giving hydrogen: thus 

Xa ,HPO:> A XaOTI - Na.gPO^ ^ H. 

The solid salts decompose when heated, giving phos])hine or ]\ydrogen 
or both, and leaving the ortho- or pyro-phosphatc of the metal ; thus 

2 BaITP 0 ,.I-I ,0 =Ba,>PoO. a2Ho 

oPbllPO. =Pb2P;ol +Pb:(P04)o APIIg aI-Is 

The formula: of t\p3ical phosphites are as follows : — 

LilloPO.^ ; Li 2liP03.IIoO, four-sided plates; XaHoP03,2-^B[20, 
moiiochnic prisms ; XaoITPOo.o-.illoO, rhombic bipyramidal needles ; 
KHoPOg, monoclinic prisms ; KoPIPO^ ; XHJToLO^, monoclinic 
prisms ; (NH4)2lTP03.H20, four-sided ]ndsms ; AgoHPO.^, white 

crvstalline precipitate : 2CaLIP03.2H.>0, white prcci]:>itate : Pa(HoP03)o ; 
BaHP03.-tHoO, white crvstals ; Bao(IToP03)3.5l-IoO ; 3Ig(HoP03); ; 

MgIIP03.6H2O ; CuHP63,2n20, blue ‘ crystals ; “ ZnHP03.2pL2d ; 

MnHP03.IT2O, reddish- white preeij^itate ; Pb(HoP03)2 ; PbIIP63 ; 
7iFe0.P203, crvstalline mineral ; C0IIP63.2TI2O, red crystals, blue 
when dried ; (XIIJol Co3(HP03)4].1.8l-l20, and a cori’csponding nickel 
compound. 

Ammonium phosphite in its hydrated form, (XTi4)2nP03.H20, 
or as the auhydrous salt, has been made by saturating phosphorous 
acid with ammonia,'^ or by j^assing ammonia over the hydrogen phos- 
phite at 100° C.“ It easily loses both water and ammonia when heated 
or kept in a, vacuum. 

The hydrogen jihosphitc XH4n2P03 is rather more stable, and has 
been prepared by the neutralisation of ]:)hosphorous acid with, ammonia 
to methyl orange, Collowcd by earerul evaporation.^ It melts at about 
120 ° C. and decom]:)Oses at about 140 ° C., giving ammonia, ]i>hosphinc 
and ])hosphorous acid. The form and constants oC the crystals have 
been described."' 

Tlydroxylaminc ])hos])hitc, (XI-IoOII)2.n3P()3, was prepared by 
double deconpiosition of one mol oC Xa.dIP03 with two mots of 
XlLOlI.HCd. The sodium chloride was crystatliscd out by evaporation 
in vacuo, a,nd the very soluble hydroxylamine salt crystallised from 
alcohol. It melts easily, is inflammable and is a strong reducing agent. 
Hydrazine ])hosphite, X^2^'^i'^'^::L03, has also been ])rc]xared, from barium 
phos])hitc and hydi-azinc sulphate.^' 

Structure of the liypophosphites and Phosphites. — The mono- 
basicity oF hy])0])h()spho]'ous acid points to the unsymmctrical formula. 
The probable existence also of a ]:)ro])ortion, in the symmctj'icad Form 
may be indicated by the case with which the acid undergoes selF-oxida- 
tion and -reduction on heating, thus 

HO - PO ^ IL H -V\^ (011)2 — PH3 - 4 HO - PO == (011)2 


^ Rose, Aintalrt/, IS:27, 9, '2S, 1)3, 31.); Rourci-oy and V'aiiqiK'lin, Jonr/i-. Polyt., 
4, O.')'), 

^ Arna(, loc. c/I., and "Scr Ic.'-i yltos ult cf, [>■,-; ■pyrojjI/.osj/J/.itcs,'' ISIM, Rains. 

\\ ui'tz, y\/i/i,. (U/rin. Ph./y.^., lor. r/t. •' Ainat, /on. cll. 

'' Did'ot, JJull . Soc. ‘iiiiti. dr Fronce, 1891, 14, 299. 

SabancefT, Ztit.'>ch. foioni. Chcni., 1S98, 17, 488; 1899, 20, 22. 
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that copper is precipitated from copper sulphate^ while cuprous oxide 
or hvdrogen may also be liberated, according to the conditions 

3H3PO3 C11SO4 3 HoO Cii + 21-12 + 8I-I3PO4 + H.SO4 
H3P63 CUSO4 J-IoO =Cu -f H3PO, -f-HoSO^ 

The reduction of mercuric chloride gave mercurous chloride when 
the mercuric chloride was in excess, and mercury when the phosphorous 
acid was in excess,^ while the total reaction can be represented by the 
equations 

2HgC] o - H3PO3 + IIoO := H3PO4 + 2l-TgC4 + 2HC1 . (1 ) 

or IlgClo +H3PO3 -rHoO =H3P04 +ng +2HC4 . . (2) 

Tlic mechanism has not been completely elucidated and may be very 
complex. The reaction has been classified as of the third order in 
dilute solution, and as of the first order with respect to HgCUP But 
it has also been stated that the reaction which is chieily responsible for 
the observed velocity is the conversion of a first or normal form of 
PI3PO3 into a second or active form, which then reacts according to 
equation (2) above. In the absence of extraneous chloride ions these 
are produced by another reaction, thus’ 

HgCT' + H3PO3 (normal) -f HoO ^HgPO^ -r Hg + 211 -f Cl“ ^ 

Many other oxidising agents are capable of oxidising phosphorous 
acid. The reaction witfi potassium persulphate is very slow, but in 
the jirescnce of hydriodic acid it is much accelerated. This is a good 
example of a coupled reaction.^ 

Phosphorous acid forms esters by direct union with several alcohols.^ 
With ethyl alcohol it gave diethyl phosphite." Ethyl derivatives of 
pliosphorous and phosphoric acids have been made by the action of 
bromine on sodium diethyl phosphite in ligroin. They arc se])aratcd 
by fractional distillation.® 

The Phosphites . — Two scries of phosphites arc known, the ])]'iinary 
phosphites, MII2PO3, and the secondary, M0IIPO3, M being a univalent 
metal. (Crystalline salts have also been pre])arc(l conta.ining an excess 
of phosphorous acid. The phos])hitcs of the alkali metals and ammonia 
arc soluble, those of the alkaline earths sparingly soluble, while those of 
other metals are only very slightly soluble. They may be ])rcpa,rcd by 
the usual methods : — 

(1) By neutralising phos])]u)ro\is acid to the ap])ro])riatc end point 

with alkali hydroxides and cnniporating to crystallisation. 

(2) By neutralising a solution of jdiosphoi'ous acid, or one; made 

from PCI3, with ammonia and aclding a salt of the required 
metal. 

(3) By dissolving the hydroxide of the base in phosphorous acid. 

’ itammclsborir, AiiJiulan. J8G7, 131 , 2Glg ‘^59, 132 , 48 1.; Sievorts, /oc. ciL: Major, 
loc. cit. 

- Balard, Joe. al.; Wurlz, loc. r./l. 

Jj'nliart, A tucr. J. jS’ci., .191.'), [41, 35, oS'.l. 

MitcluM, Trons. CIion). Xoc., 1921, 125, 1012. 

^ Uederlin, Zeitsch. j^hysiL'dl. Chern., 1902, 41, oTO. 

^ Sachs aiul Lovit.sky, Jlus.s. lA/ys. Chem. Soc., J90.“>, 35 , 211. 

' Thorpe and Xorth, Trans. Clwrn. ISoc., 1890, 57 , 624. 

® Arbusov, J . 'prald. Chtm.^ 1931, [2j, 13 1 , 103. 
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The phosphites are tairh^ stable in the absence of oxidising' agents 
and dilute solutions may even be boiled without decomposition. More 
concentrated solutions may decompose, giving hydrogen; thus 

Xa 2HPO3 XaOH ^ XaoPO^ a H., 

The solid salts dceom])osc when heated, giving phospliine or hydrogen 
or both, and leaving the ortho- or pyro-phosphate of the metal ; thus 

2BaIIPOo.IIoO ^^BaoPoO. 

oPbiiPO. ^^PboPoO. APb:(P0,)2 APH3 +11. 

The formuhn of typical phosphites arc as follows : — 

LiHoPO;. ; LioHPOo.HoO, four-sided plates ; XalToPO 3.211100, 
monoclinic prisms ; X^aoHPOg.o-alloO, rhombic bi pyramidal needles ; 
KHoPOg, monoelinic prisms : K.HPOg ; XTlJioPOg, monoelinic 
prisms ; (XIl4)oIIP03.HoO, four-sided prisms ; Ag2HP03, white 
crvstalline precipitate ; 2CaHP0.5.2Pl20, white precipitate ; Ea.(H>P03)o ; 
Ba.HP03.fPIoO, white crvstals Bao(HoP03)3.5l-Io0 ; Mo'(HoP03)o" ; 
MgHP03.6Ho0; CuHP63.2noO, blue “ crystals ; “ ZnPIPO3.2-Ul20 ; 
MnIiP03.IioO, reddish- white precipitate ; Pb(HoP03)2 ; PbHPOg ; 
nFe0.P203, crystalline mineral ; C0HPO3.2H2O, red crystals, blue 
when dried ; (XI-l4)2[Co3(HP03)4].18lI.20, and a corresponding nickel 
compound. 

Ammonium phosphite in its hydrated form, (XH4)2HP03.H20, 
or as the anhydrous salt, has been made by saturating phosphorous 
acid with ammonia,^ or by ])assi ng ammonia over the hydrogen phos- 
pliite at 100° It easily loses both water and ammonia when heated 

or kept in a vacuum.'^ 

The hydrogen ])hosphite XH4II2PO3 is rather more stable, and has 
been prepared by the neutralisation of ])hosphorous acudwith ammonia 
to methyl orange, followed by careful evaporation.^ It melts at: about 
120° C. and dccom])oses at about ltO° C., giving ammonia, ])hos]diine 
and phos])horous acid. The form and constants of the crystals have 
been described.’^ 

Tlydroxylaminc ])hosphite, (XIi20U)2.IT3P03, was ]:>repared by 
double dceom]msition of one mol of Xa2liP03 with two mols of 
XHoOlI.IK'l. The sodium chloride was crystallised out !:>y evaporation 
in vacuo, and the very soluble Imlroxylaminc salt crystallised from 
alcohol. It melts easily, is inflammable and is a strong reducing agent. 
Hydrazine phosphite, has also been prepared, from barium 

phosphite and hydrazine sulphate.^ 

Structure of the Hypophosphites and Phosphites. — The mono- 
basicity of hypophosj)horous add points to the unsymmetrieal formula. 
The ])robablc existence also of a pro])ortion in the symmetrical form 
may be indicated by the ease with which the acid undergoes self-oxida- 
tion and -reduction on heating, thus 

HO n-P;-(OH)2 — -PO-(OH)2 


^ Rose, Airiialcii, iS:27, 9 , 2S, .4.1, 2.1;); Rour(:roy and Vaiiqnelin, Jour/t.. PoJyl., ITO."), 

- Amut, lod. ciL, ami "Sur /ex pliospli Ufs (i /e.s' pyrop/iosphites,'" .1801, Paris. 

Wlirtz, A v/r. Chint. lA/y.s,^ loc. cit. ’ Amat, he. oil. 

Dul'ct, JjuU. Son. inir) da Franca, 1801, 14, 200. 

® SabancefT, ZeiLscJ>-. (utorrj. Cham., ISOS, 17, 4S8; 1899, 20, 22. 
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Hypophosphorous acid easily adds on benzaldehyde, and the pro- 
duct, diFoxybenzene] phosphorous acid, must have the unsymmetrical 
formula 

HO - PO 

Alkylphosphinic acids should also be considered as compounds in 
which the alkyl is directly attached to phosphorus, since they have 
been obtained by the oxidation of primary alkyl})hosphines with fuming 
nitric acid. (€ 113)2 =PO - OH is hardH an acid, but rather resembles 
a higher aliphatic alcohol in its waxy appearance and melting-point 
(76° C.). This compound sublimes without decomposition. 

Ester acids of phosphorous acid are known, such as CH 3 .PO(OH )2 
(m.pt. 105° C.) and C 2 H 5 -PO(OH )2 (m.pt, 44° C.), which are capable 
of giving mono- and di-ethyl esters.- 

The taiitomerism of j^hosphites has been proved by the preparation 
of two triethyl phosphites.^ The one, prepared hy the action of phos- 
phorus trichloride on sodium cthoxide, was probably the symmetrical 
ester, being formed according to the equation 

PCI3 -f-SXaOCsHs =P( 0 C 2 H 5)3 + 3NaCl 

Its density, , was 0*9605, it boiled at 156° C., was insoluble in water, 
soluble in many organic solvents, and had a niolecular weight of 154 
in benzene. It reduced mercuric chloride. Tlie other, pi’C])ared by 
the action of lead phos]Dhite on ethyl iodide, or phosphorous oxide on 
ethyl alcohol, had a density, .7);^,^ , of 1*028, boiled at 198° C. and did not 
reduce mercuric chloride. This was ])robably dictliylethyl ])hosp]utc, 
having the formula C 2 H 5 - PO == (OCoIl^)^. A diethyl ester lias also been 
prepared which boils at 187°-188° C. and may have either formula 

H 0 -P( 0 C 2 H 5)2 or n-PO(OC 2 Tl 5)2 

The unsatiiratcd character of these trialkyl esters was shown by the 
ease with which they were attacked by nitric acid, but still more* ciearlv 
by the forjuation, with exmlution of heat, of stable crystallines addition 
compounds when they were mixed with cuprous had ides. Thus 
CuC 1 .P(OC 2 H 3)3 was described as consisting of colon rksss crystals 
melting at 190° to 192° C. and solul)lc in oi'ganic solvc'iits.^ This 
property they share with ])hos{)hine, alkylph()S))hincs and phosphorus 
trihalidcs. The j)hosphoric esters were cpiilc* in(iilTer(*n t to cuprous 
halides. Nor were such addition compounds Ibrnu'd (‘itlK*r by phos- 
phorous acid itself or by the dialkyl esters, which may show that the 
latter com])Ounds have the unsymmetrical formula. Phosphorous acid 
probably exists in both forms, but first as P(()li).j, i.r. when ])r()(luc.c(l 
from PCI3 and Ii20."" This may be transformed into the* unsyni- 
mctrical form through an addition com])ound ii(d. P(()l I and 
probably also exists in the form of c.omplc'x mol(*eulcs. such as 

1 Villo, Ann. Chim. Pltys., J89.1, [(>], 23 , 291. 

- Thorpe and Xorlh, Tran^. Chtin. >S'oo., 1890, 57 , ode, (i.'M. S(‘(‘ also Itila.zzo and 

]\Iaggiacomo, Atii B. AcauL Lh/cc./, 1908, [dj, 17 , i, 432. 

^ Railton, Trans. Cheni. Boc., 1855, 7 , 216; Tli()rf)e and XoUt, lor. nl.; .Micliaelis 
and Becker, Ber., 1.897, 30 , 1003. 

^ Arbusov, J. JMss. Fhys. Chtm.. Boc., 1905, 38 , 161. 

Mitclicdl, Trans. Chc.m. Aec., 1925, 127 , 336, 
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H 4 (HoP 20 ,;), the existence of which was demonstrated by the freezing- 
points of concentrated solutions A 

The X-ray K absorption spectra, of ]^hosphorous acid and the phos- 
phites of Xa, Al, i\In, Fe'’. Fe"‘, Ca, Xi and Cd were nearly the same, 
the head of the absorption band lying at A=5T54-1 X-ra}^ units. The 
band of silver diethyl phosphite was at 5T60--'I. The values for phos- 
phorus in the eleincaitary state and in different forms of combination 
were as follows : — 


Hypophosphites. Pliospliites. 

5757*5 5754*1 


Phosphates. 

Pnosphonis. Phosplioriis. 
5750*7 5771*5 5776*9 ^ 


It was stated that the Wcivelengths of the absorption bands of elements 
are higher than those of their eompounds, and that the bands pass to 
shorter wavclengtlis as the valency rises, provided, that the successively 
attached atoms or radicals are the same. The general results showed 
that the structural formulcc of the phosphorous diesters, triphenyl- 
methylphosphorous acid and ferric monopropyl phosphite were 
(RO)o =PO - (H), sodium diethyl phosphite (EtO) 2 pO(Xa), silver 
diethyl phos])hite (EtO) 2 P(OAg), monoacetylphosphoroiis acid (HO )2 
PO(Ae). In solution, the diesters and metal esters contained a mixture 
of tautomeric forms.^ 

Meta- and Pyro -phosphorous Acids. — The acids HPO 2 and 
H 4 P 2 O 5 may be regarded as ])a,rtly dehydrated forms of orthophosphorous 
acid. In tlieir modes of ])rcparation and properties they recall some- 
what tlic meta- and pyro-phosphoric acids. 

Meta phosphorous Acid was produced during the spontaneous com- 
bustion oi' dry ]dios])hinc in dry oxygen at a low jn’cssurc, probably 
according to the equation 

PH3 + 02=H2 + IIP02 

It was de])ositcd on the walls of the vessel in feathery crystals, which 
were readily hydrated by water givin.g HoPO^. 

'Pifro'])hos phoroiis Acid has been made by treating PCI 3 Avith a little 
water, or by shaking th.e syrupy acid with a slight excess of PCI3 and 
evaporating in a desiccator over KOI! and PoO^. The ciU'Stallinc acid 
wa.s A'crv deliquescent. Secondary phosphites wdien heated gave pyro- 
phospfiites Avith loss of Avatcr, thus 

2BaIIP03 -BaoPoO^ H.O 

By the addition of the tlicorctical ejuantity of suljduiric acid the unstable 
was obtained. 

Sodium dihydropyrophosphitc Avas prepared by heating sodium 
hydj'ogcai ]Ahosphitc in a Auicuum at 16(F C. : — 

2 XaH 2 PO.> ^^Xa-oFIoPoO^ -i- IIoO " 


^ !\o.sci'ilicim an(,i Italiencr, Zoa--:cJi. (Ln(>'r(f. Ch(-}ii., 129, .19(3. 

- Stcilina-, avorij. dhr'in., ]92:), 131, 48. 

^ SutliriLi-, Z<'ilsch. jihy.-iilcdL Clu-in.., 1927), 117, 194. 

van dc St adl, Zt/'fsrJi. phi/.siL'al . Cha'ni., 18!)S, 12, 322. 

^ Angei', Cu'iii.yt. rend., i9U3, 136, S.14. 

Amat, Zm les pherM/. i. ten tt les pyrophosphite.s A Paris, iSOl: Co'}npl. rend., 1888, 
106, 1400; 1889, 109, 105(3; 1890, lio, 191; 1890, iii, (376; 1891, 112, 527, 614. 
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The free acid was hydrated to phosphorous acid in solution with 
evolution of 4-9 Cals, per mol of H4P20g. Hydration was accelerated 
by strong acids. The dihydrogen pyrophosphite of sodium, Xa JlgP^Og, 
similarly gaAm XaHoP03. The acid appears to be dibasic, the saft 
Na2HoPo05 being formed by neutralisation, with evolution of 14*8 
Cals, per mol of water formed in the equation 

H4P0O5 +2XaOIT-Xa2HoP205 +2H2O 

Other salts of this acid have been prepared. As in the case of phos- 
phorous acid the structure may be symmetrical or unsymmctrical, 
thus 

/P(0H)2 .P0(H)(0H) 

0< or 0/ 

\P(0H)2 \PO(H)(OH) 

Detection and Estimation of Phosphites and Hypophosphites . 
—Solutions of hypophosphorous and phosphorous acids, as well as 
their salts, when evaporated to dryness and heated, give spontaneously 
inflammable phosphine and a residue of phosphoric acid or phosphate 
respectively. The reduction of salts of copper and silver, and of 
mercuric chloride, by these acids may also be used as tests. When 
the alkali salts arc boiled with concentrated alkali hydrogen is evolved 
and a phosphate is found in solution, thus 

KHoPOo + 2KOH = K3PO4 -r 2IL 
K2HP63 + KOI! = K3PO4 + Ho 

Nascent hydrogen, from zinc and sulphuric acid, reduces both acids 
to phosphine, which may be detected by the yellow stain which it 
produces on silver nitrate : — 

PH3 - 6A5XO3 =-lUVg3.3AgN03 -!- 3HNO3 

This is similar to the stain given by arsine and, like AsAg3.3AgX'03, 
is luHrolysed and blackened by moisture : — 

PAg3.3AgX03 43II2O =H3P03 -3IINO3 +0Ag 

Hyjjo^ohos'phites are all soluble in water and therefore the solutions 
givm no precipitates with the ions of the alkaline earths, silver, etc. 
Silver salts, however, are rapidly reduced to nudallic silver, and 2)hos- 
phoric acid is found in the solution : — 

2XaH2P02 -f- 2 AgX 03 4HoO - 2 n 3 P 04 + 2XaX(), + 2Ag f dlh 

When Iwpophosphitcs arc heated with coppeu' s\dphat(‘ solution to 
55 "^ C. a reddish-black preci])itate of ('inilo is ])r()(liiccd, which de- 
composes at 100° C. into hydrogen and co})p(‘r. Permanganates are 
immediateh" reduced by hy])0])hosphites. The efleet of oldicr oxidising 
agents is mentioned under Estimation.'’ 

PkosjM.tes may be distinguished from hypophosphites by several 
tests. The ions of barium and lead give white prc'cipitates with solu- 
tions of phospliites. Silver nitrate gixa^s a. while' prcc'ipitatc in the 
cold, from which black metallic, silver is (piic'kly de])Ositcd 011 
warming : — 

Xa JiP03 -h 2AgX()3 Ag JIi>03 + 2\aX()3 
Ao 2liP03 4 H26 = 2Ai -I- H3PO4 
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Copper sulphate is reduced to brown metallic copper with evolution of 
hydrogen, but without intermediate formatio]i of a hydride. Per- 
manganates are reduced more slowly by phosphites than by hypo- 
phosphites under similar conditions. 

Estimation . — The course of the neuU-alisation curves of hypo- 
phosphorous and phosphorous acids can be deduced from the values 
of the dissociation constants. The curves have also been determined 
with the aid of the glass electrode. ^ The curve for hypophosphorous 
acid is that of a strong acid with only one inflection. That of phos- 
phorous acid has two inflections, at j 9 H = 3-4 to 4'5 and at y>H=8-4 
to 9-2. The first end-point can be located with dimethylamino- 
azobenzene or methyl orange, and the second with phenolphthalein or 
thymol blue. The first gives the sum of H3PO2, H3PO3 and IT3PO4 
if present together, while the difference between the first and second 
“ end-points ” gives the sum of H 3 PO 3 and H 3 PO 4 . From these data 
the equivalents of H 3 PO 2 can be obtained. 

Hypophosphite and phosphite may also be determined by oxidation 
with iodine. In alkaline bicarbonate solutions phosphites are oxidised 
quickly to phosphates, while hypophosphites are hardly affected, i.e. 
they do not use any measurable amount of decinorrnal iodine after 
standing for two hours at ordinary temperatures. In acid solution 
hypophosphorous acid is slowly oxidised to phosphorous acid, but no 
further, according to the equation 

H3PO0 -h lo -i- H 2 O - H3PO3 -r 2HI 

On these reactions is based a method for determining the acids sepa- 
rately or in the same solution. 

A jjhosphite solution of about MilO concentration is placed in a 
stoppered flask with an excess of sodium bicarbonate saturated with 
carbonic acid and an excess of dceinormal iodine solution and allowed 
to stand for about an hour. It is then acidified with acetic acid and 
the excess of iodine is back-titrated with dceinormal bicarbonate- 
arsenite. 

1 e.c. of decinormal iodine solution ()-()041()3 gram of II3PO3 

xV hypophosphite solution is acidified with dilute sulphuric acid, 
treated with a known amount, in excess, of dceinormal iodine solution 
and allowed to stand for 10 hours at ordinary temperatures. A cream 
of NaIlC 03 is then added until COo evolution ceases, then fifth-normal 
XaHC 03 solution, saturated with COg, whereby oxidatioji goes through 
the next stage, to |)hos])liatc. After addition of acetic acid the excess 
of iodine is titrated with standard arsenite as belbre. 

1 e.c. deeinorjual iodine solution ee 0-()01G5 gram of H 3 PO 2 

Phosphite, which usually is present in small amounts in hypophosphite, 
will be included and must be titrated separately in bicarbonate solution 
as before.^ 

Acid dichroniatc and alkaline permanganate may also be used as 
oxidising agents, the excess being determined iodometrically and with 
ferrous sulphate solution respectively. 

^ Morton, Quart. J . Fharm., 1930, 3, 438. 

2 Rupp and Einck, Aer., 1902, 35, 3691; Arch. Fharm., 1902, 240, 663. 

^ Wulf and Jung, ZtUsch. auorg. Cham., 1931, 201, 347. 
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Either of these acids may also be determined by weighing the 
mercurous chloride wdiich is produced by I’caction with mercuric 
chloride in slightly acid solution, according to the equations 

H3PO0 + 2H0O + dllgClo = 2HgoClo 4HC1 + II3PO, 

H3P63 HoO + 2ligClo == HgoClo + 2HC1 + PI 3PO, 

The mercurous chloride is washed with water and dried at 110° C., 
or Avith alcohol and ether and dried at 95° C.^ 

Plypopliospiioric Acid. — This acid, together A\nth phosphorous 
and phosphoric acids, aa'us first produced by the sIoav oxidation of 
phosphorus in the air and in the presence of AA^ater at a moderately 
loAv temperature (5° to 10° C.) ; it Avas isolated through the formation 
of a sparingly soIuIdIc sodium salt.- 

It Avas also produced by the sIoaa- oxidation of phosphorus AAnth 
sihmr nitrate in neutral or amrnoniacal solution.^ 

Oxidation of yelloAA' phosphorus by copper nitrate in the presence 
of nitric acid at about 60° C. also yielded hypo])hosphoric acid along 
AA'ith phosphoilc acid and copper phosphide.^ These reactions luu'e 
been expressed by the equations 

4 .P -e 5 Cu(X03)2 + 8H0O = CU3P2 2Cu -f- 10I-IXO3 + 2H3PO, 

4 P - 4Cu(X03)o -r Gl-ioO = CU3P2 -r Cu i- 8IIXO3 + ir^Po6(3 ^ 

Better yields Avere obtained by the electrolysis of 1 to 2 per cent, 
sulphuric acid using anodes of copper or nickel phosphide.® 

The conditions Cor obtaining a good yield by the oxidatioji of 
phosphorus ha\x been AA'orked out by a number of investigators.^ In 
the method of Cavalier and Cornec* ^ glass rods arc^ })iaced ])arallcl to 
one another in a photographic disli and stic'ks of ])hosphorns laid 
across them, each pair of sticks being separated by a, glass rod, wliicli 
is also of course laid transA'crsely to the; snpporr.ing rods. Water is 
added until the sticks of phosphorus are liair-innnerscd and tlie Avholc 
is covered Avith a glass ])latc resting on Avjulding at its calges. The 
air is tlius filtered as it enters round the edge's. A tempc'ra 1 lire of 5° 
to 10° C. is the most favourable. ih'loAv 5° C. the oxidation is too 
sloAv, Avhilc above 10° C. undue (|uantiti('S of mcla- and ortho-phosphoric 
acids arc ])roduccd. In Avdiiter about 12 per cent, of tlu; phosphorus 
is oxidised to ]iy[)0])h()sphoric acid. Tlie solution may then bc' treated 
Avith saturated sodium acetate, Avhen the a.(*id salt XaiIP03.;3no0 
separates on cooling. Or the boiling solution oi‘ tlic^ acids may bo 
neutralised to mctliyl oj-ange with sodium ca.rbonatc' and concentrated 
by eva])oration, Avhen NaIIP03.;jiL>() crystallises and may be re- 
crystailiscd from boiling water. The sodium salt dissolved in liot 

1 yiitcliL-ll, Tran.^. Chtni.. Soc., U>2-1, 125, 1024. 

“ Salzcr, An/Lulcri, 1878, 194, 28: 1882, 211, 1; 1881), 232, 1 14. 

^ Sanger, AtuLdU-./t, 1880, 232 , l-l. 

Koaenheiin and lOnskcr, Bcr., 1910, 43 , 200,3; (torne, Bfurnn. Chtv)., 1882, [Og 
6 , 12,3. 

Tauclierf, '' U idcrsucli. ■ubci C/dcrjj/io^^phor.idure,'' 191,3, .Munich; idc-ni, Z( i!,srli. (utonj. 
Chc'/n., 1913, 79 , 350. 

.Rosenlicini and Pinsker, loc. cit. 

' Joh", Cotn.pt. rtiid., 1885, loi, 1058, 1150; 1880, 102 , 110, 259, 700, 1005; Rosen- 
heim, Stadler and Jaeobyolui, Jitr,, 1900, 39 , 2838; j3ausa, Zc.il.sch. (utonj. Chvvi., 1894, 
6 , 128. 

Cavalier and Cornec, Bull. Boc. chiui.^ 1909, [4], 5 , 1058. 
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water may be treated with lead acetate and the sparingh- soluble 
lead h\q 3 ophos] 3 hate filtered off. This is then suspended in water and 
a current of hydrogen sulphide is passed, which liberates the acid. 
The filtered solution is concentrated somewhat by heat in the open 
and finally in a vacuum over concentrated sulphuric acid. Alterna- 
tively the dilute solution of the free acid may be prepared from barium 
hypophosphate and dilute sulphuric acid. 

Gejieral Properties. — The evaporated solution prepared as above 
deposited crystals of the hydrate HgPOg.HoO wdiich had the form of 
four-sided rectangular plates and melted at 70"^ They were very 

deliquescent, but when kept over sulphuric acid effloresced giving the 
anhydrous acid, which melted at 55'' C. A half- hydrate, H 2 PO 3 . J-H 2 O, 
which melted at about SC C. was also obtained by evaporation over 
sulphuric acid. 

When the anhydrous acid was kept above its melting-point it 
suddenly decomposed with considerable evolution of heat, thus 

2 H 2 PO 3 =H 3 P 03 +IIPO 3 

Phosphine was evolved at about 180^ C. 

The molar heat of fusion of the a.nliydrous acid w^as 3-85 Cals.- 
The hydrate dissolved with absorption of heat. 

Aqueous Solutions of IJijpoqAiosphoric Acid. — The electrical con- 
ductivity of this acid shows that its first hydrion is largely dissociated. 


THE MOLAR CONDUCTIVITIES OF HYPOPHOSPHORIC 
AND PHOSPHOROUS ACIDS.^ 


V 


16 

32 

64 

128 

256 

512 

1024 

n II.POs at 25-0= 

( . 

. 18-1 

109 

222 

246 

275 

304 

370 

^allaPOa at 25-0° 

c. 

1 222 

: 252 

202 

318 

337 

351 

358 


The molar conductivities of II3PO3 at dilutions uj) to, and including, 
512 were greater than those of IT 2 PO 3 , and this difference wmuld have 
increased if the latter conductivities had been determined at 25° C. 
The ions IIPO-U and n 2 P 03 '' jjrobably have practically the same 
mobility, so that the difference is to be atti'ibutcd rather to the smaller 
second dissociation of HP 03 ~ (into H ’ and PO;>' ) as compared with 
that of lioPO.y into II ' and IiP03"'. A. very low second constant 
would also be ascribed to li 2 P 03 on account of the high alkalinity of 
solutions containing two equivalents of alkali (sec “ Neutralisation,'’ 
p. 152). 

The change in the conductivity of the salt XanP 03 or Na 2 n 2 p 20 (^ 
with dilution sliows no effect due to dissociation of a second hydrogen 
until a dilution is reached between 256 and 512 litres, as is seen from 
the following table ; — 


^ Joly, loc. cit.; Itoscnheim and Pritze, Ber., 1908, 41, 2710. 

^ Joly, loc. cit. 

^ Posenlieiiii and Pmsker, loc. cli.\ Parravano and Marini, Gazzclla, 1907, 37, 26S; 
van Xaine and lluli, Anier. J. Sa., 1918, 14'^, 4S, 01, 103. 
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. V . 

, 16 

32 

64 

: 128 : 

256 

512 

1024 

/X (25° C.) . 

, : 78-8 

' 81*6 

* 88*1 

94*5 

100*2 

105*9 

111*9 1 

r (23° c.) . 

. 78*8 

' 86*1 

1 

92*2 

95*9 

98*1 

i 100*7 

! 

101*6 “ 


Basicity. — The heats of neutralisation indicate a dibasic acid (per 
atom of phosphorus) as will be seen from the following figures : — ^ 


Equivalents of NaOH per . ; ; , 

mol 1 -I,P 03 . . . ^ 0-5 ; 1 1-5 : 2-0 3-0 

Heat evolved, Cals. . . ' 7-57 , 15*05 : 21*36 i 27*11 27-65 


During the neutralisation with alkali a sharp end-point was obtained 
(to methyl orange) when one equivalent of alkali had been added, 
while phenolphthalein gradually changed between 1*5 and 2-0 equiva- 
lents, showing that the second dissociation constant is lower than that 
of the majoritv of organic acids (sec also ‘‘ Electrical Conductivitv,” 
p. 151). 

These facts can be explained equally well on the assum])tion that 
tlic acid is tetrabasic, with two atoms of })hosphorus, i.e. 1 X 4 ? ^0,., and 
this view is in accordance with the existence of foui' salts — IMil.jIbdX., 
51 JI 2 P 2 O 3 , M 3 HP 2 O, and 

Further evidence is collected under “ 5Iolccular W'c'iglit ” (j). 153). 

Tlie inolccedar weight as deduced from the (Vec/ing-])oints of 
aqueous solutions coj’rcspondcd witii doubled molc‘culc*s, 
which arc highly dissociatcai, giving one hydrogen ion,*”' or io the 
acid HoPO-j which is very slightly dissociated (^ven in liltiHh-normal 
solution. 

Cli.cndcal Properties . — The proof of llu^ individualil.y of hy))o- 
])}ios])h()ric acid rests largely upon tlu‘ gr('at (lilT(‘r(‘n(‘(\s whicli (^xist 
between it and a, mixtures ol* ])liospIi()roiis and phos})hoi'ie adds. Tlu^sci 
acids were I'ornu'd irreversibly wlu*n hypopliosphorie acid was allowed 
to stand in axpieous solution, espc'eially when Ibis was eoneentraied 
and tliC' tenuperature was 30''^ ('. (or above'). A 5 pw ec'id. soluiioii aftctr 
3 vea.rs ('ontained only j)hosj)bor()us a,nd phosphoric acids. Thc'se 
acids, on tlu‘ otlu'r liand, showc'd no U'ndency lo eondi'iisc' togelh('r 
wlien kept undei* ordinary conditions. Tin* IVeezing-point eur\'es of 
mixtures ol‘ tlu' aidiydroiis acids showed no iid ('i-UK'diai (' inaxiniuin 
and onlv oiu' eut.c'clie at - 13-0" C. and 3/,) mols p(‘i’ e('nt. of i!,.ih),jd» 

Dc'composit ion of hypophosphoric acid may be represented as an 
hyclrolvsis, thus 

ll.jPd), -i IL>()- .HI.^PO.^ i HJM), 

This rc'action is catalysed by hydi-ogi'ii 10 ns and was found to be uni-, 
moleeuhir in noi-mal hydrogen-ion eoneent rat ions. Tlu' \aluc‘S of the 

^ 1 toscii I k ‘ 1 tu, St. a(il<T niul .)ac()l)>,()hii, lU t , 39, rs.‘>a. 

- 1 and lU'iiliii, Z( iL^ch . u noi . ('fnm., i'Jri, I20, 1 1)5. 

‘‘ ')ely, It/c. (’it. 

S;il/.(‘r‘, for. ctL 

H()S('.nh(“itu and Pinskcr, f</r. rif. 

Rosenheim, Sfadlcr and .Iacof)S()Iin, RiOd, fo,-. al. 
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constants were 0-000186 at 25^ C. and 0-00631 at 60° CA The 
sodium salt, NaHPOs, having only a low hydrogen-ion concentration 
{ca. 1 X 10“"^), could be kept for long periods without mueh chcinge, 
and alkaline solutions containing Xa^POg, etc., were still more stable. 

Cold solutions of the acid did not precipitate the metals from gold, 
silver or mercurous solutions. The acid was not oxidised by iodine^ 
hydrogen peroxide or chromic acid in the cold, but was slowly'^oxidised 
by potassium pcrm.anganatc. Hot concentrated solutions were more 
easily oxidised. When the neutral salts were heated they gave phos- 
phate and phosphine, or pyrophosphate, elemental phosphorus and 
phosphine. Reducing agents such as hydrogen sulphide or sulphur 
dioxide had no effect, a.nd even nascent hydrogen, from zinc and acid, 
gave no phosphine. 

Molecular Weight. — Much investigation has been carried out with a 
view to ascertaining whether the molecule should be formulated as 
^^21^03 or H^PoOg. The evidence of electrical conductivity does not 
lead to a definite conclusion. Molar weights of some esters are known. 
Thus dimethyl and diethyl hypophosphates (from the silver salt and 
alkyl iodide) gave elevations of boiling-point in ethyl iodide, chloro- 
form, etc., which corresponded to the formuhe (CH3)oP03, etc.- On 
the other hand molecules such as (CPl3)jP20(j were indicated in benzene 
solution at its freezing-point. If, as seems probable, the free acid in 
concentrated solution has the formula H^PoOg, the constitution and 
hydrolysis of this would be represented by 

(HO)20P-PO(01I)3-IIoO = (PIO)2HPO-r(PIO)3PO 

Hypophos])horic acid was not formed by any ordinary deh^xlration of 
a mixture of phosphorous and phosphoric acids, neither was it produced 
bv the hvdration of PoO._i, which yielded onlv a mixture of equal mols 
of II3PO3 and ilaPO.,.^ 

lJ.yj)0])Jiosji]iates . — The salts of the alkali, alkaline earth and some 
other metals were prepared and studied by Salzer, Ranimclsberg, 
Schuh, Joly, Palm, Eausa and others.^ The alkali salts prepared from 
excess of alkali were soluble, whilst those of the alkaline earths, silver 
and other metals Averc only sj^aringiy soluble. 

The formuhe of some typical hypophosphates are as follows [solu- 
bilities in grams per 100 grams of water] : — 

LioIRPoO^;. 211.20, crystalline, sparingly soluble; Li4P20(5.7H20, 
solubility 0-83 ; XaoIRP 20(5.611.20, monoclinic, solubility 2-0 ; 
Xa3HP2^\“-^l^'^2^5 tabular monoclinic ; Xa.4P20(j.lOlIoO, six-sided mono- 
dinic, solubility 1-5; K3n3(P20g)2-~hIoO, rhombic, solubility 40; 

K2HoP20(;.2li20, monocliiiic plates : K4P2O6.8H2O, rhombic pyramids, 
solubility 25 : (Xn4)2n2P20(j, granular or needles, stable in air, solubility 
7-1 ; (Xll4)4P20y.Il20, prismatic, elliorescent, solubility 3-3 : Ag^PoOg, 
insoluble ; Caii2P20(j.6Ho0, monoclinic prisms ; Ca2P20g.2ll20, 

gelatinous, insoluble ; Eali2P20(;, monoclinic prisms ; EaoPoOg, white 

^ Veil] Xanio and Mull, loc. clt. 

- jto.sciilicim and Pinsker, loc. all.; Rosenheim and .Reglin, loc. clt.; Itosenhcim, 
Stadler and Jacobsolin, loc. ciL; Cornee, JJull. Soc. chini., 1909, [4], 5 , 1081. 

^ Salzer, /or, ci.t.; liainmelsbcj-g, J. 'prald. Chein., 1S92, [2], 45 , 153; Seliuli, " Btllratjc 
z. Kenutn. d. C rdpjrphos'ph. Baure,’’' Munich, 1911; Joly, loc. clt.; Bausa, loc. at.; Palm, 
''Neue Verbind. d. Ld/derphosph. Sdure,'' Elbcrfeld, 1890; Drawe, ''Eindje ntue Salze 
dtr U /LttrpJiociplwTsd'urc,'' Rostock, 1S88; Rer., ISSS, 21 , 3401. 
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precipitate: Mg2P206-12Pl20, gelatinous, slowly crystalline, solubility 
0-0067 ; Zn2P20e.2lioO, white precipitate ; CU2P2O6.6K2O, insoluble ,* 
Pb2P20g, insoluble ; "^ioP 2 OQ.V 2 II 0 O, prismatic crystals. 

A number of double liypophosphates of manganese, cobalt and nickel 
with the alkali metals have been prepared, such as K2^i^206-hH20 
and 3 K 2H oP 20^. CoH 2P 20g. 1 5H2O. 

Hypophosphites of hydroxylamine resemble those of ammonia. 
Thus (XH20IT)2.Ii4P206 is a crystalline salt, very soluble in water and 
melting with decomposition. Hydrazine dihydro- and trih^Hro-hypo- 
phosphates, (X2H5)2H2P20g and" were both obtained 

in the crystalline state. The latter is isomeric with ammonium dimeta- 
phosphate, (XH4P03)2d 

Detection and Estimcdion . — The distinctive tests which distinguish 
hypophosphatcs from phosphites have already been pointed out (p. 153). 
One of the most useful is the sparing solubility of sodium hypophosphate. 
Also, a sparingly soluble guanidine salt (1 per cent, at 28-5° C.) is pre- 
cipitated when guanidine carbonate is added to a solution of the acid.^ 
The acid may be titrated with alkali and phenolphthalein ; 3 mols of 
AAOH correspond to 2 mols of H2PO3, i.e. the salt Xa3HP20g is formed.^ 
The acid may be estimated in the presence of phosphoric and phos- 
phorous acids by precipitation of the silver salt at pH to 2d 

^ SabaneclT, Zedsch. anorg. Chem.y 1898, 17 , 488; 1899, 20 , 22 . 

“ Poosenheim and Jbnskcr, loc. cit. 

° Pinskor, Ziir anal, Beshanm. der Unlcrgjhosphorsdure mid phosj^horige Saured 
Berlin, 1909. 

Wolf and Jung, ZclB'ch. anorg. Chtvi.y 1931, 201 , 347. 



CHAPTER XII. 


PHOSPHORIC ACIDS. 

Historical and General. — The production of an acid solution by 
dissolving in water the products of the combustion of phosphorus was 
demonstrated by Roy led and the acid was prepared in a similar manner 
by Marggraf, who described its properties. ^ It was extracted from the 
calcium phosphate of boiies by Scheele.^ Lavoisier ^ obtained it from 
phosphorus and nitric acid. Three forms differing in their properties 
and in tlieir mode of preparation were recognised early in the nineteenth 
century. 

The usual form, as prepared by Boyle and others, wdien partly 
neutralised by soda gave a yellow precipitate with a solution of silver 
nitrate. When a solution of this ordinary acid was heated in a gold 
crucible liiitil water ceased to be evolved, a thick jDasty mass was left ^ 
which gave a white silver salt and coagulated albumin. When ordinary 
sodium ])liosphatc, Xa 2 nP 04 , was heated to 240"^ C. it was converted 
into a salt whicli gave a white ]:)recipitate with silver nitrate.® It was 
also shown })y Gi’aliam ^ tliat phosphoric acid could be obtained as a 
vitreous mass by long heating at 215^ C., and that this; when dissolved 
in water, did not coagulate albumin or give a precipitate with barium 
chloride in acid solution. When the acid was still more strongly heated 
it ga\'C a tougli \ntrcous mass, a solution of which coagulated albumin 
and gaA'C a prec'ipitatc with barium chloride.'^ Salts of the same acid 
were obtained by lieating sodium biphosphatc, namely, XalloPO,^. A 
vitreous mass was left which was known as Graham's salt," and is 
now known as metaphosphate, X"aP 03 {eye.), in a polymerised condition. 
The acid itself was ])rc])ared by decomposing the lead salt with H^S, 
and also by heating the ortho- or pyro-acid to over 300° C.,^ and later 
by several other methods 

Graham j^roved that tlic three acids, ortho-, HgPO^, pyro-, II^PoO^, 
and jucta-, dil'fered by the quantity of combined Avater. This 

water dcterniinccl the basicity of the acid. The hydrogen could be 
replaced in stages by a metal, and e.g. in the case of orthophosphoric 

^ Boylc', Phil. Trari^., ](3S(), 13 , I9(). 

^ MaryrgL'af, '' Ch,tf/i t.schf./t hjchrifit/i.,'' 176:2, I, Berlin. 

^ .Sclieolc, " Choa. Abhaadl. v. dar Luj't u. Feuer,'' Upsala, 1777. 

^ Lavoisici', 'A)iyiisxidQs physique.^ et chymiqiies,''' Baris, 1774. 

^ Graham, Phil. Trans., 1833, 123 , 253. 

'' Claj'k, dklin. J. Scldtice, 1827, 7 , 298. 

' Berzelius, GilbcrPs Atuialeai, 1816, 53 , 393; 1816, 54 , 31; Arcti. Chirii. Phys., 1816, 
[2], 2 , 151, 217, 329. 

Gregory, Aiinaltn., 1845, 54 , 94; Maddrell, Phil. Alary., 1847, [3], 30 , 322. 

•' See Graham, Besoarelies on the Arsenates, Phosphates and Modifications of 
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acid different salts, the priniar\% secondary and tertiary phospliates, 
could he jn'oduccd (see also Basicity,” p. T68). 

(JirnioPiiosPiioiac Acid, IlgPO,,. 

The acid which is produced finally by the oxidation of ]:)hosphorus 
in the presence of suflieient water and after heating has ])robably the 
constitutional formula OP(OEl )3 (see p, 50). The term “ ortho,” 
in accordance wath Graham’s descrij^tion, was applied to “ ordinary ” 
phosphoiic acid. Later, on the hypothesis of the quinqucvalent nature 
of phosphorus, it was considered that the h 3 q:) 0 thctical acid P(OI-I )5 
wmuld, strictly speaking, be the ortho ” acid. Howe\^er, the present 
theories of valency do not indicate the possible existence of such an 
acid, but rather that OF(OH )3 should be the most highly hydroxylated 
compound. 

Preparation.— The acid ma}'^ be made by means of a great variety 
of reactions, some of which are referred to under the “ Oxides,” 
Halides ” and Phosphoric Acid (p. 224).” Only a few methods, 
of technical or historical importajicc, \vill be described here. 

(1) The decomposition of naturally occurring p]ios])hates. From 
this source the original supplies both of technical and refined ])hosphorie 
acid are derived. The decomposition is effected by sul])huric acid, 
supplied in the quantities required by the ecpiation 

(:a3(P04)o 4- SPLSO^ = 3CaSO,,i -r 2li3P04 

The deconpmsition may be carried out in a large vat of ])itch ])inc 
saturated witli tar oil, and ])rovided witli a vertical wooden shaft 
bearing aimis or ])addlcs and rotating on a ])ivot which is ])i’otcctcd 
with cast-iron. In the vat are ])laccd \vcak li(|Uors from a ])rcvious 
decom])ositioii and steam is blowm in through, a. Icauhm pipes Stirling 
is then commenced, and a charge of G cwt. of finely-ground high-grade 
]:)hosphatc (at least 70 per cent. ('a;>(!T) 4 ) 2 ) is added altcamatcly with 
5 carboys of “ chamber acid ” of density U5 to UG (free" from arsenic). 
After the reaction is com))l(‘t(‘d the whole chargi* is run on to slightly 
inclined lilter-bcds made of ashes siipportc^d on clinken’s and contained 
in rectangular woodem tanks. Tlic ])h()sph()ric* acid which runs off 
first lias a density of 1-1 50. TIu^ deposited gvpsum is kc'pl. coxaa'e^d 
with water siipphcal as a spra.y until tlu‘ (hmsity of tlu' (‘lllucnt, falls to 
I-OIO. Tlic gypsum sludgcg containing snia.ll amounts ol‘ IVca' phos- 
phoric. iicid and phosphate' e)f linu', is dried 1)\' wasti* heat and used for 
mixing with supci’phosphate aaid for otln'r pui’poscs. The solution 
of ])hos])horie‘ aald is conce'iit rat (‘d i>y exaporation in h'ad-lincd woodcni 
tanks xvliich are' fu'atcd f)y k'ad pipc'S carrying supcrlu'atcd steam, 
cone'.e'ntration bc'ing ceintinucel up to a (le'usity ot' ! -.425 to 1-50. ('al- 

cium sulph.abc: de-posite'd in this part of i 1 k' procc'ss is rc'uiove'd and 
washcel. 

(2) I’lu' prc'paration of the: a.e'id by tlu' comhustion of phosphorus 
and solution of tlu' “ flowc'rs of ])lu)spliorus ” in watc'r has an historical 
interest e)nly. It is obviously too cxpe'nsixn' foi- largc'-scah' work, nor 
docs it yield a pure: j)roduct. 

(3) Oxidation of red pIie)S))Jie)nis by nitric a(*id was used la'forc' the 
end of the eighteenth century. An excess of nitric ae-id of density 

^ J.avoisiL-r, Mint. Acad., I7SU, oi.S; Marln-s, .-1/'//. Chnn. r/u/.';., ISlU, i IJ, 73 , US. 
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1-20 to 1*25, namely, about 16 parts, is added to 1 part of phosphorus 
in a flask carrying a reQux condenser ^Ndiich is fitted in by a ground- 
glass joint. The phosphoric acid may be concentrated in a platinum 
or gold dish and is then free from most of the impurities mentioned 
later, with the possible exception of arsenic derived from the red ])hos- 
phorus. [In process ( 1 ) arsenic, if ])resent, is generally introduced 
with the sulphuric acid.] In both eases it will be converted into 
arsenic or arsenious acid. It may be removed by saturation with 
sulphur dioxide, which reduces arsenic to arsenious acid, followed by 
boiling to remove the excess of SOg, ])rccipita.tion of the arsenic as 
sidphide by hydrogen sulphide, filtration and removal of the excess of 
HoS by means of a current of air. 

Concentrated phosphoric acid may be further purified by crystal- 
lisation (see p, 158). 

(4) Furnace Methods. — Pliosphoric acid can be prepared from the 
pentoxide, which is sublimed at high tem])cratures from a mixture of 
calcium phosphate, sand and coke. Phosphorus is first produced and 
then burns to the pentoxide. Reduction proceeds according to the 
equation 

Ca 3 (PO Jo - 3SiO., 5C = 3 CaSi 03 2 P -r 5C0 

An electrically-heated furnace (p. 8 ) or an oil-fired funiaec l)uilt of 
carborundum bricks and kept at a tem}:>crature of 1500^ to 1700" C. is 
suitable. A regenerative system of heating is used. The mixture of 
carbon, sand and phos])hate is introduced at the to]) of a slanting 
Hue and meets the ascending heated gases in its descent to the hearth, 
where it melts and reacts according to the equation given above. The 
escaping gases a, re taken round and burnt in a set of channels vdiich 
surround the furnace.^ 

If phosphorus is burnt in air to the pentoxide, the absor]:)tion of 
this in watei* is rather difficult. Oxidation by steaju according to the 
equation 

2P-!-5IIoO=Po 05 -i-oll. 

gives hydrogen as a by-product which may be conAu^i'ted into ammonia 
and combined with the phosphoric oxide (Liljenroth ])roc;ess).“ 

Inijnirities. — ^The acid prepared by commercial metliods c'onlains 
numerous impurities, some of* which arc difficult to remove. They 
include bases such as Xa, K, Ca, Al, Fe, ]\in totalling 0-5 to 3-0 per 
cent., Pb up to 14 ])cr million, Ag from 1 to 2-5 ])arts ]mr million, 

II 0 SO 4 from OT to l-O ])cr cent., IlF in about the same amount, and 
HCl fj'om O-Ol to 0-()4 per cent.^ 

Freparation of the Crj/stallhie Acid . — Two compounds have been 
crystallised from concentrated solutions of phosphoric acid— the 

’’ "J'lionias, f->r/fish t^dktih-:, '2M4-, (IS7a); All)(.n't,, Oennau. Jkik-nl. 12501 (IS80); 

Piosc, acrui.an Ikiiini, 12272 (1S80); Tliomas and T’vvynia.nn, Pdtcui^ 4.28 (1882); 

Adair and ddiondinsoii, Br/fish. Ik/h/il, 747 (ISS2); Lomax, leritish Pafc/fk 0011 JlOO); 
Faii'weaLhcr, Brihsk Ikiftni, 101020 (1022). Lmidall, Booan. and Andi'i'ws, -/. Atirv.r. 
(AhCdu. Vnc., 1017, 39, 2202; Carpnnlnr, Chem. A'jf-, 1022, 6, <S20; Waa^arnan and Idirlcy, 
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s acid, H 3 PO 4 , and the heini-hydrate 2 H 3 PO 4 .I-I 0 O .1 AccorcU 
[yi a solution having the composition H 3 PO 4 -i- O-SHp, when 
:1 with a crystal of H 3 PO 4 , deposits tlie hemi-hydrate. The 
quor then has the composition 2 li 3 p 04 .IIo 0 and solidihes to 
crystals when inoculated with this hydrate. Another method 
ing the crystalline acid has been described in the following 
' Crystals of anhydrous phosphoric acid were prepared by 
ng the ordinary C.PC'' acid in an open vessel at a temperature 
95 ° C. until it reached a specific gravity of approximately 
The solution w^as then cooled below 40° C., inoculated with 
of orthophosphoric acid, allowed to stand until crystallisa- 
complete and the mother liquor then separated from the 
ly centrifuging in a porcelain-lined centrifuge. The crystals 
in this way were then melted at a temperature of about 50°, 
water was added to bring to a specific gravity of D^;T-85, the 
noculated as before and the process repeated thrice. The 
ere finally dried by allowing them to stand for several months 
iphorus pentoxide. Crystals of the semi-hydrate were ])re~ 
adding the proper amount of water to a weighed portion of 
lydrous phosphoric acid, cooling below 29° and inoculating 
^stal of the hydrate.” ^ 

cal Properties of the Solid Hydrates of PoO,-,. — The 
Dints, as registered by different investigators, are in fair 
:, thus : 


. I 3S-G=^ 41-754 4<2-3()^ 

I-LO . 27-0 « 29-0' ^ 20-35" 


lermal diagram of II3PO4 and lUO is shown in fig. ly on 
:rc are two melting-points, nq that of [131^)4 and im, that 
4.H2O, and two eutectics, Cj that of a.nd 2li.jP()4.n,,0 

lat of 2l-l3P04.Il20 and ice. Tlu- solubilitii-s according to 
:1 Men/ics are marked in tlu- ta.bh- opiiosiu- by an asterisk, 
'cstigators reported also a distinct sohiliility ciir\'c corre- 
to a hydrate l()Il3P()4.1!o(), which started from (he (aitcctie 
ted with a transition point at 25 -S 5 ° C. 

loric* acid crystallises in four- or six-sid('d prisms hc-longimT 
mbic system.® 

I'termination of the molecular weight liy depre-ssion oi* tdie 
Dint indicates some (‘h'ct.rolyt ic dissociation.® y\ \'alnc; of 
:cn found for the molecular weight. Tlu- acid appa.rcnit:.! v 

Dnipt. rend., 188."), 100, -147; ISSIg 102, 

Joniinercial pure. 

id Jones, J. Avicr. (Atimi. Soc., 11)27), 47, 21 (>."). 

in. Bet., .1874, 7, 097. 

ot, Ann. Chitn. Phy.^., 1878, [dj, 14, 4 11. 

ind dlenzies, J . Avier. (dhem. Aac., 1000, 31, I ls:{. 

'jnilil. rend., loc. at. 

Jovvpf. rtn.d., 1008, 146, 1270; idem, Ann. Chitn. PI/i/s., 1008, [S], 14, dOd. 

[, Booge and Andrews, loc. at.; fJoiK's, 11. (! llijdratts m Aohilion. ” 
,1907. 

d Hyers, Trans. Chan. Auc., 1011, 99, .384; ihid., 1013, 103, d32. 


42-35° C.“ 
29-32" C.- 
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forms double molecules in glacial acetic acid which dissociate in process 
of time.^ 

The molar heat of fusion of H 3 P 04 is 2*52 Cals.,- that of 2 H 3 PO 4 .II 2 O 
7-28 Cals.'*^ The heat of solution was found to be positive, ^ 2*69 Cals, 
per mol of the crystalline acid dissolved - and 5-21 Cals, per mol of 
the liquid acid. 

The heat of dilution was found to be — ^ 

Mols water per mol II 3 P 04 ' 11T9 13-88 19-88 | 29-99 

Heat of dilution, Cals. . 33-13 19-93 1 12-2G 8 23 


The heat of formation from the elements includes that of water, 
and was found to be — - 

II 3 PO 4 I-I 3 PO 4 I Vi,PO, 

crystalline, ! fused, ' dissolved, 

I 302-56 Cals. 300-04 Cals. I 305-29 Cals. 


The following tables summarise the principal determinations of 
the densities at certain definite temperatures. If tlic pcrcentag’cs of 
IlaPO^ are divided by 1-38 the quotient gives percentages of P 0 O 3 . 


DENSITIES OF AQUEOUS SOLUTIONS OF 
PHOSPHORIC ACID. 

At 15° C.« 


Per cent. n 3 p 04 . 

i „ I 

5 : 10 

20 

! 

.•50 

•to 

50 

00 

Density . . | 

1-0270 d-0567 1 

-1190 1 

•1<S89 A- 

•2051 

1 -3180 1 

1 -1395 


At 17- 

5" i'P 





lUu’ cent. P 3 O 5 

5 10 j 20 

30 

■ U) 

50 

00 ' 

08 ; 

Den sit V . . 1- 

037 : 1-070 , 1-109 1-271 

1 -3S3 

1 -52 1 

! -077 

1 -809 


’ Gir<ui, AtiJI. Chl'/n. Phijs., IllOS, [S], 14, 

^ Therm nchr'tnischi' tifcrsuch u/njr/t T i i-ansl. ''Fi-aiilx', Siiitt'iail, !!)()(). 

•* loly, loc. cil. 

^ G.iraii, C()h)'pl. rend., HlOlg 135, 66]; 11)0.1, 136, a.liC 
^ Jxumclin, Zeif.seh. . ('duni., 11 ) 07 , 58, -KIO. 

SchifT, Annalen, ISOO, 113, 1 S. 3 , 103 . 

Ilaycr, " Kommentft'i znr Ph(ir)i!. (jeim.," l>(‘ilii), issl. 



At 25° C.i 


Per cent. IT3PO4 . 
Density 

5 

i 1-027 

10 

1-055 

15 

1-085 

20 

1-116 

25 

1-149 

30 

1-183 

35 

1-219 

40 

1-256 

Per cent. II3PO4 . 

! 45 

50 

00 

60 

65 

70 

75 

80 

Density 

T-294 : 

1-336 

1-381 

1 1-429 

i 

1-477 

] -527 

1-579 

|l-633 

Per cent. I-T3PO4 . 

i 85 

1 90 

i 91 






Density 

'1-690 

1-70.3 1-766 







The vapour pressures of solutions at 0° C. are— 


i 

Grams H3PO4 in 





1 100 grams H2O 

0'9-15 

1 22-32 

124-9 

^ 390-2 

, PiioO * • ' 

4-612 

' 4-377 

1 

2-710 

0-636 mm. 


Vapour pressures of water at 100° C. were lowered in a high ratio by 
phosphoric acid, as appears from the following data : — ^ 


Grams H3PO4 in 100 grams ILO . 20-75 149-16 ; 330-52 

Lowering of vapour pressure . 30-1 290-9 i 507-3 mm. 


The crystalline acid has an appreciable specific conductivity oC 
about 1x10“^ reciprocal ohms (mhos), while the fused acid at the 
same temperature has a conductivity of 1 x 10“- mhos.‘^ Specific 
conductivities of the more concentrated solutions show a maximum 
at about 43 per cent., as appears from the following data : — 

CONDUCTIVITIES OF CONCENTRATED SOLUTIONS 


OF 

PHOSPHORIC 

ACID. 



1-I3P04, per cent. 

1-4 2-87 ! 

5 -28 

16-09 

30-71 

Specific conductivity^ k 

0-014 0-02533 

i 0-04245 

0-08064 

0-12816 

II3P04, per cent. 

43-26 52-83 

71-29 

92-07 

100-0 

Specific conductivity, k 

0-14916 0-13750 

0-07876 

0-02203 

0-01406 


The molar conductivity (==1000/c/c) thus varies from 97-50 in the 
1-4 per cent, solution to 26-28 in. the 43-26 per cent, solution and 1-31 

^ i.vnow'lton and bounce, J. Ind. Eng. Chem., 1921, 13, 11.18. 

“ llietcrici, IVuid,. Annaleni, .1891, 42, 513; 1893, 50, 47; 1897, 62, 616. 
Tammann, Mtm. Acad. Si Petersburg, 1888, [7], 35, 9. 

Rabinovitch, ZeitscJi. anorg. Chern., 1923, 129, 60. 

^ Phillips, Trans. Chem. Soc., 1909, 95 , 59. 

VOL. VI. : II. 
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in the 92-OT per cent, solution. Degrees of ionisation are low in the 
concentrated acids. 

The conductivities of the more dilute solutions up to 0-1 molar 
have been determined to 156° C. 


EQUIVALENT CONDUCTIVITIES OF DILUTE 
SOLUTIONS OF PHOSPHORIC ACID.^ 


H3PO,, mols : ; ^ ' 

per litre 0 ^ 0-000-2 ! 0-002 0-010 i 0-0125 0-050 , 0-080 : 0-100 

A at 18° C. . 338 330-8 ; 283-1 203 ^91-2 122-7: 104 90-5 

A at 25° C. . 378 ' 867-2 I 311-9 ' 222 208-1 132-6 : 112-4 :i04-0 

i 


The temperature cocflicient was positive as usual at ordinary tem- 
peratures and reached a maximum at temperatures which varied with 
the ion coiieentratiori. Thus, in the case of the 0'0()02 molar solutions, 
the maximum had not been rca.ched at 156^ C. (A = 804*7), while in 
the 0*1 molar solution it occurred at about 75° C. Other results were 
expressed by the formula — - 

-u 0*014550 

It is clear that the deo'ree of dissociation is less at the higher tem- 
peratures ; thus for a 0*1 molar solution it is estimated as 38*5 per 
cent, at '\H° ('. and 11*5 })er cent, at 150" 

The viscositi(*s of concentrated solutions of ])hosphoric acid are high ; 
thos(i oF ino(l(‘ra.tcly coiu'cntratc'd solutions are given below : — 


VISCOSITIES OF SOLUTIONS OF PHOSPHORIC ACID. 


1 !i 

,PO, 

mois p(‘ 

r lit r(‘ . 

. 0*25 

1 1 

■ 0*50 

1 *00 ' 

2*{)() 

V 

relad 

i V(‘ at- 1 S 

(A (wat(‘r 

1} !*o(;i 

, l*ii0 

1 *0 1 1 

1 *700 

t i 


,, c(|ui\'al( 

•111 s [)cr lit 

r(* . 0*125 

0-25 

0*50 

1 •()() 

■ V 

r’clal 

i\ (‘ at 2,5 

( '. ( wa‘ (*r 

i ) I I•():512 

1 1 -0656 

!*1001 

1 *2X71 


The 

rriVa ('( i \'e 

ind(‘X of : 

a solution of t iu* acid oF density 

1*180 wa..‘ 

at 7 

-.7 ( 









Sped r; 

il lint* 


I) 

n 

1 



n 


i *T5S 1. I 

1 

1*0000 

1 *07-1.0 



' "'I'/k Khrt/iOll ( \ >i/(I N rf l n ll ( ^ <>f A<lll(niis Sn( /l I / o/l s," W’asliinL'l OH, I !)()7; 

X(.\ Mclclici', Cnuppi' and tnaii, Z<i{-rii. lAnj.^thiL ('funi., JO, .‘ilia. S(‘(', aXo 

l\(.’lilran.a'!i and iinliMuin, " Ij ifr, rniiKj* n (I> r I-:!! Lii ’['r\i\)ucv, ISDS. 

* A ItI M 1 1 111: , Aiil'<’}l. fj/t if^'^ / I.'ft I . ( hi HI., iSdJ, Q, 

- M(k>iv, /V///.S'. /X /-A //•,'! sad, (Its, 

* II«-\dicr, /,iiA<'h. p/i //.-i l:n/. ('hint., ISSS, 2. 711. 
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The molar refraction was 23-6.^ Tlie equivalent refracting power of 
the H 2 P 04 ~ ion has been calculated as 21-6.- Refraetivities may con- 
veniently be used in determining the concentration of aqueous solutions 
and also in testing for freedom from the meta- and pyro-acidsA 

Basicity and Neutralisation of the Phosphoric Acids. — The 
crystalline forms and other properties of the different phosphates of 
sodium were described by Graham. The ordinary phosphate of soda 
“is a highly alkaline salt, although generally viev'ed as neutral in 
composition, aiitscherlich found that a solution of this salt required 
the addition of half as much acid as it already ])osscsses to deprive it 
of an alkaline reaction.'' ^ By heating, the salt was found to contain 
25-2 molecules of water to 1 molecule of phosphoric oxide. One of 
these molecrdes was retained to a higher temperature tlian tlie others. 
“ The phosphate of soda contains 3 atoms base ; namely, 2 atoms soda 
and 1 atom Avater. Wlien this last atom Avas lost the sodium salt 
changed into that of a different acid, namely, a, pyrophosphate." ^ In 
modern symbols — 

NaoHP 04 .I 2 HoO — ^ Xa^HFO^ -f 12PIoO 

2Xa2HPb4 ^Xa^PoO^-fHoO “ 

Sodium biphosphatc was knoAvn as a dimor]dious salt . . of 
the 4 atoms of Avater Avlnch the crystals contain, they lose, I find, 
2 atoms at the temperature of 212° (F.), and not a particle more till 
heated up to about 375°." After heating to 212° “ it contains 3 atoms 
base, namely, one atom soda and 2 atoms Avater united to a double 
atom of phosphoi'ie a(‘id. The salt cannot sustain tiic loss of any 
portion of this Avatcr Avitliont assuming a new train of ])ropcrtics." 
Several other forms Avcrc obtained by heating to liigher temperatures, 
and at a Ioav red heat a glass Avas oi)tained Avlhch aauis deliquescent, 
not crystaliisat)le IVom solution, and Avlhcli gave the reactions of “ ])hos- 
])hori(‘ acid igmted per ,se." In mochn’u synibols — 

2 XaIToPO,. 2 HoO 2 Xa II 0 PO 4 211.0 at 212 ° F. 

2 XaII.Pb,i- --->XaJirP.>0. -^Hob at 100 ° F. 

2 XaIloPO,- -> 2 XiP 6 ,-- 2 H 20 “at dull red heat 

When at least jha!f as iuuch alkali as it ah-eady contained Avas 
added to ordinary pliosphatc of soda and the solution Avas conc-.entrated, 
tufts of slcndci' ])risniatic needles appeared. This salt was highly 
alkaline in reaction. “It is a fact of extraordinary interest that the 
acid of this sub-])hosphatc is not conAUutiblc into ])yrophos])horic acid 
by the action of heat on the salt." In modern terms NuoPO^ is un- 
changed on ignition. 

The heat oi' neutralisation, Q,., of ])hosp]ioric. acid (1 mol) Avith 
XaOli {n mols) in. dilute solution has been determined with the 
folloAving results — 


’ Glladstonc, Tran;^. Ch.ojri. Sor.., 1870, 23 , iOl. See also Cornce, A/ui. Ch.ini. Phys., 
1013, [ 8 J, 29 , 400. 30 , 03. 

“ nop'O Ckcni, Son., 1800, 69 , lo.30. 


n 

0-5 1-0 

2*0 

3*0 

6*0 mols 

Qn 

7*3 : 14*8 

27*1 

34*0 

35*3 Cals. 


Thus heat was evolved in a uniform manner as the alkali inereased 
from 0 to 0-5 and 0-5 to 1*0 in the neutralisation of the first hydrogen. 
It was also evolved in a uniform manner but at a lower rate between 


1-0 and 2*0 alkali, showing that the affinity of dissociation of the 
second hydrogen is lower than that of the first, and at a lower rate 
still during tdie neutralisation of the third hydrogen, showing that 
this has an even lower dissociation affinity (see '‘Constants,” p. 165). ^ 
Heats corresponding to the neutralisation of the first, second and 
third ffiffirogens were 14*8, 12*3 and 6*9 Cals. Heats of neutralisation 
by the alkaline earths in very dilute solution were in the same order, 
e^g. for ^-Ca(OH) 2 , etc., 14*8, 9*7 and 5*3 Cals, respectively. ^ 

The heat of dissociation, Qa, probably is positive, since dissociation 
diminished with rise of temperature. This agrees with the fact that 
the heat of neutralisation, Qn, of the first hydrogen ion, viz. 14*8 Cals., 
is somewhat greater than that of a completely dissociated strong mono- 
basic acid, viz. 13*5 Cals. The following calculation also shows a 


quantitative agreement 


Qd= -ET 


log X 


in which x is the electrical conductivity and Qa =1*530 Cals, at 2T5° C. 
Therefore (1 - a) Qa =1*2"12, in which the value of the amount of 
undissociated phosphoric acid, (1-a), has been introduced. Now 
Qn = 13*520 -t- (1 - a) Qa- Therefore = 1 4*76 Cals, calculated. 

The heat of dissociation of the first hydrogen as calculated from tlic 
change of the constant with temperature was found to be 2* 00 Cals, at 
25° to 37*5° C.,'^ which, when combined with the ])receding value of 
a, gives (^ = 15*14 Cals. 

The molar refractivitics during neutralisation, 4/(/x-l)/71, when 
plotted against the percentage of alkali added gave curves which 
showed discontinuities at the points corresponding to ])rimary and 
secondary salt. 

Most important confirmation of the discontinuiti(*s at, th(*s(* j)oints 
was obtained by plotting the static acidities (H ’ ) cxpr(*ss(‘d as their 
negative logs (]:>H) against the* alkali added. The discontinuities in 
these graphs were clearly marked, ikirts of theses n(*uf,rahsation 
curves were obtained first by the physiologictal cluunisl.s on a,cc()unt of 
the use of phosphates as mixtures of regulated avidity buffers ”) for 
comparison with the acidities and alkalinitics of physiological fluids. 

^ Thom.sen, '' Therniochcjiiislry,'' translated by Biirk(‘ ( Loiij^inans, llKtS); Favre^ and 
Silbermann, C(j'iifj)t. void., JSd7, 24, lUSl,- Bertlidot a.ud .Lu^'inin, Aim. (Aiin). 

1876, [o], 9, 26; do rorcraiid, C(yiiij>t. re fid., 1802, 115, 610. 

“ Jierthelot, Cof/rpl. rtud., 1878, 87, 575. 

Arrlienius, Medd. (jr. Vel. Alrad. Xobd/ii.^f., iOll, (27), 8; Znirrh. yhysikdl. (Airni., 
1889, 4, 06; 1802, 9, 830. 

^ Jowett and Millett , ,/. Amer. Cfiem. Soc., 1020, 51, 1U04. 

^ Ringer, Verlug. Fhystol. Lab. te Ufrccht, 1900, 10, JOO; Sorensen, Biocitcfii. Zoitych., 
1909, 21, 131; 1909, 22, 352; Salm, Zeitscli. %)hysikai. Chern., 1006, 57, 471; Rrideaux, 
Trans. Chern. Sac., 1011, 99, 1224. 
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Other series of results within the range which is suitable for “ buffer ” 
mixtures have been determined. ^ The points of inflection were also 
determined by the conductivity method. 

The neutralisation curves have been expressed by three constants 
corresponding to the first, second and third dissociations, viz. : — 

_[H-][H,P0r] „ [H-1[HPOri [H-][POr] 

1 [H 3 POJ ’ [H^POr] ’ ® [HPO^"] 

The value of the first constant was determined as IT x 10 ~“ by measure- 
ments of the conductivity of the free acid.^ The second constant was 
determined as 1*95 xlO^'^ by conductivity measurements in solutions 
of XalloPO^.^ This value was confirmed by calculations from the 
neutralisation curve as determined by means of the hydrogen electrode.^ 
The value of the third constant, viz. 3-6 xlO“^^, was first determined 
by measurements of the conductivity of ammonium phosphates and also 
by the distribution of the ammonia between water and chloroform.^ 
It was shown that this result was incompatible with the observed values 
of hydrion concentration during the later stages of neutralisation by a 
strong alkali. A calculation based on these values gave A 3 =3*0 x 
in decimolar solutions.^ 

A review of all the data revealed a slight drift in the constants of 
this acid (as of others) with changes in concentration, etc. The con- 
stants were corrected for alterations in the “ activities ” of the HP 04 ^ 
and other ions in the more dilute solutions for which ionic strengths 
could be calculated. These corrections, applied to the results of 
Miehaelis and Gaianendia,^ and to new results, gave constants wHich 
were hardly affected by changes in concentration,® namely Ao =5-9 x 10~®, 
A' 3 = 1 x 10 ~^“. The value of corrected for ionic strength, was 
0*9x10“^ at c = 0 'l and 0*8 x 10 ~“ at limiting (low) concentration.'^ 
A redetermination,® with the aid of the quinhydrone electrode, in 
solutions of 6 ' = 0-06 down to c=0'0()5 molar gave Ai = 0 - 8 xl()~“, 
Ao = T-4 X 10-®, A ^3 = 0’8 X lO-i-h 

Other values of (uneorrected) constants obtained in moderately 
dilute solutions arc : =0-94 x 10“^ Ag = 1-4 x 1()~', A 3 =2-7 x ^ 

Ao = 8 xI 0 -b A 3 - 2-3 xl 0 -l^• 10 A. =5-0 x 

It is suggested that the following rounded constants will rej^resent 
pll values in phosphate solutions of concentrations from OT molar 
downwards with sulficicnt accuracy for many purposes : — 

Ai-l-O xlO-2; Ao-1'5 xio-^* A 3 -2-0 x 


1 Clark and Lubs, J. Bacttriol., .1917, [2], i, 109, 191; Clark, "The Determination 
of Uydro(jeii lonnP' Paltimorc, 1920, and later edition, 1928 ; Miehaelis and Kruger, 
Diochein. Zeitsdi., 1921, 119, 307. 

“ Kustoj', Graters and Gcibel, Zeitsch. anory. Chern., 1904-, 42, 225. 

Abbott and .l.lray, J. Ainer. Cheni. Aoc., 1909, 31, 729, 1191. 

Ik'idoaux, loe. oil. 

^ 2Iichaelis and Garnicndia, BlochenL. Zeitsch., 1914, 67, 431. 

Prideaux and A. J. Ward, Traus. Chern. Soc., 1924, 125, 423. 

Sherrill and Hughes, J. Ainer. Cktvi. Soc., 1926, 48, 1801. 

^ Jowett and Millett, J. Arner. Cheia. Soc., 1929, 51, 1004. 

Britton, Trans. Chein. Soc., 1927, p. 614. 

Blanc, J. Ghirn. 'jjhys., 1920, 18, 28. 

Kolthoff, Tec. Trav. chim., 1927, 46, 350. 
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The basicity of the acid has also been determined by conductivity 
titrations. 1 

The constitution of phosphoric acid is deduced from the basicity, 
which shows tirrec hydroxyl groups, and thus a saturated character, 
with no hydrogen directly attached to phosphorus ; this explains the 
lack of oxidising properties, which indicates the absence of — — O — 
chains, and the direct formation of the acid from POCI3. The acid 
chloride and the resulting acid probably hav'c the same structure, 
which is represented under the older theories as containing quinque- 
valent phosphorus, 0=P=Cl3, on the newer as being tercovalent 

with a “ mixed bond,'" 0< P = (OH)3 or 0^-^P = ( 0 H) 3 .‘^ 

Phos])horic acid is a co-ordinated compound with the co-ordination 
number 4, and may accordingly be written 113! PO4] (sec section on 
“ Phosphorus in Combination ”). Although the trivalent ion seldom is 
actually present, except perhaps in solid Na3PO.i, etc., it is written 


according to Lowry as 



Such a compound as Xa2lIP04 is 


of course equally a co-ordination compound and may be written as 



2Xa ' on this scheme. 


^OH i 

Mono-, di- and tri-esters are known, e.g. etliyl phosphates, which 
have not been prepared in tautomeric forms. The trimcthAd and 
triethyl phosphates have vapour densities corresponding to simple 
molecules OP (OC 0115)3, etc.^ 

Chemical Properties. — The chemical reactions of phosphoric acid 
can be classihed mainly under salt and ester formation, hydration, 
dehydration (see ]). 170) and com])lex formation. Towards reducing 
and oxidising agents the aqueous solution is cojuparativcly inert. 

It has already been shown that even the first dissociation of phos- 
phoric acid is much lower than the dissociation of the lialogeii acids 
and sulphuric acid. Consequently its catalytic action (due mainly to 
hydrion concentration) on various chemical reactions is much slighter; 
e.g. the relative strength of phosphoric acid in the inversion oC cane 
sugar w'as 6-21 when that of IlCl was 100.^^ It is largely expelled from 
its salts by the stronger mineral acids in ordinary aqueous solution, 
although in the ])rcsence oC onl}' small quantities of water, or at higher 
temperatures, these conditions are reversed owing to {a) the great 
alfinity for water, {b) tlie low volatility, of phosphoric acid. Thus 
while on the one hand phosphoric acid is ])roduccd as described on 
p. 156 by the interaction of dilute sulphuric acid with calcium phos- 
phate at tcnq^craturcs below the boiiing-])oint, on the other hand 
sulphuric acid is completely expelled by evaporation at 150° to 200° C. 
with concentrated phosphoric acid. 

The direct action of phosphoric acid on ethyl alcohol at about 200° C. 
is one of dehydration, and the acid is tlieretbrc conveniently used in 


^ Bertholot, D., Ann. Chiin. Ahys., iS9i, p)], 23, 5; 1S93, [G_j, 28, 5. 

^ Prideaux, -/. Soc. Chevi. Ind., ]923, 42 , 672 (Chcin. and Ind.). 

^ Vogelis, An-naitn, 1849, 69, 190; Carre, An/i. Chirn. Phys., 1905, [ 7J, 5, 345; Arbusov, 
Btr., 1905, 38, 1171; Young, Proc. Boy. Soc., 1909, 81, B, 528. 

Ostwald, Zeitsch. ’phymkal. Chem.y 1888, 2 , 127. 
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the preparation of ethylene, as it is not, like sulphuric acid, reduced 
under these conditions. Glycerophosphoric acid, which probably is 
mainlv monoglycerylphosphoric acid, is made by heating glycerol with 
concentrated phosphoric acid at 100° C., neutralising with baryta and 
decomposing the barium salt with sulphuric acidd Similar condensa- 
tions have been reported with sugars, e.g. mannitol, etc. 

Phosphoric acid is not affected by the ordinary reducing agents in 
solution, including nascent hydrogen (cp. phosphorous acid, p. 148 ). 
The reduction of phosphorus pentoxide and phosphates carbon at 
high temperatures has been discussed on p. 157 . 

Ordinary oxidising agents have no effect, but with the meta- or pyro- 
acid hydrogen peroxide gave perphosphoric acid [q.v. p. 184 ). 

The formation of complexes with other acids is extremely character 
istic of phosphoric acid and its anhydride. The phosphotungstates 
and phosphomolybdates are well-crystallised compounds which are 
used in analytical chemistry (see “ Estimation,” pp. 181 - 183 ). The 
yellow ])recipitate (NH4)3PC)4.12Mo03 is the ammonium salt of a phos- 
phomolybdic acid, H3PO4.12M0O3, which is prepared by adding aqua 
regia in small quantities to the ammonium salt. Phosphotungstic acid, 
n3P04.12W03.adio0, may be prepared as greenish crystals by evapora- 
tion of the mixed acids in the correct proportions and extraction with 
(‘thcr.“ These acids, with the borotungstic, silicotungstic acids, etc., 
arc usually formulated as co-ordination compounds. The phosphorus 
is rcpi’cscadcal as the central atom with a co-ordination number of G, 
1 bus : 


,iri,p(w,oao], ie[P(Mo,o,)«] 

Phosphoiodic acids, such as PoO^.l 8lo()5.4ll20, and their salts, ^ 
phosphotdiuric acids and their salts, e.g. (NTl 4 ) 2 P 2 TeO,(j, have also 
Ixaui prc'part'd.''' 

A complex acid is probably present wlum sili(*a dissolves in phos- 
phoric acid, as it do(‘s (o Mi(‘ exl(‘nt of about 5 ])er cent, at 260° C.^ 
('oncciil rat (‘(1 phosphoric acid at 100° to 200° C. (‘tclurs the surface of 
idass, and it has t)cen tV)uud to atta.ck (puirtz at 300° Phos- 

phoric acid at high temperat uix^s also dcst.roys 11 k‘ gla//e on ])orcelaiu. 
Platinum is not. aflVctc'd unl(‘ss a. rcalucing agent is pr(‘S(ait, which may 
g;i\(‘ pi losplioriis and a })h(>sphidc‘. 

It is no doubt on account of this rorma.tion of complexes that coii- 
(‘< nt rated phosphoric acid is capable* of dissolving such inert nictals 
as tnnn,stnn amd /.i I’ci )ni u rn, as well as silicon a.nd carborundum.^ The 
less noble nictals ar(‘ altack(‘d l)y j)hosp!iorie acid, but iron tends to 
become passi\c.'' The basic oxid(‘S, h^rric ()xi(h* a, ml ahimina arc 
di".s()j\«-d b\' tin* concent rat (‘d acid.^’ 

^ !r)\ ri .liiC '{’ulin, T/yi/i.':. i'iutii. Stx'.y liXK), 87 , 216. 

” \\ u, ,/ /Xw/ ( 'it, n, , 162n, 43 , I SI). 

!n. caiu HI! .nal I'lip ktT, 'Aiiisch. (inonj. ('hcni.y 1611, 70 , 78. 

‘ ( ■!.!< 1 i.'ii. .1 ('him 1S6S, (7], 15 , .861. 

• Ct.i!; / 1 1 I in f(t/ /I tii(. (It / 'I't l( tu .--(lurc //lit loildtfu. l^fiosplidlcn inid Arscit(((('ity'' 

I,. , S'")! 

li.r.jn l.'Uili.- .ani Mafpottrt. nutL, issp ISSC), 1 SS7 ; ISSS, I 06 , 187. 

Sj( 1 , 1 ' ij , >'-<'}>. ti/i'i'K'. Chftn., 1601!, 15 , 617. 

\\ 11 : 1' I’ .arid . f , 1 iiiu'ict , ( 'tint pi. n nd.. 1611, 1 52 , 1 o 0. 

■I 1 ;, a.Mii I >.rn-m. ./. . I //C7'. ^ 7c ///. ;S7>r., 1610,32,770; ( 8<ii-k.soii rind IlclJuaangl.on, 
f it, ut. M‘ >. Cmj.. i62S, 32 , Si 1. 
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Physiological Action. — The principal uses of combined phos- 
phorus have already been dealt with (see p. 13 ). The ions of phos- 
phoric acid, together with those of carbonic acid, pla^^ an important 
part as regulators of acidity, or natural “buffer*’ mixtures (see p. 164 ), 
in physiological fluids, especially in the blood. Salts which take part in 
this regulation are XaH^PO.^ and Xa2HP04, XlaHCO^ and NaoCOg, 
The pH value of blood is 7-3 to 7*4 at blood temperature ( 37 ° to 
38 ° C.) and about 7-5 at 18 ° C. ; the ratio of monohydrogen phosphate, 
i.e. Na2HP04, to dihydrogen phosphate, i.e. XaH2P04, at this point 
is about 4:1 (see table of Xeutralisation, p. 166 ). Even the small 
amount of phosphate present in the blood and cell protoplasm has a 
considerable effect in regulating the 2^H to its “ resting ” value — 
slightly on the alkaline side of neutrality. Any steady increase in 
the content of acid is countered by the formation of more XaH2P04, 
which, being more readily diffusible than Xa2HP04, passes into the 
kidneys. Acidity of the urine is thereby increased and the cell proto- 
plasm or blood loses some of its alkali reserve. The necessity of con- 
stant small amounts of phosphate for the body metabolism is evident.^ 

Phosphoric acid is poisonous only at a high concentration, when it 
shows the usual corrosive effects of acids. The salts, and even the 
acid in low concentration, favour the grow'th of moulds and fungi, 
provided that the hydrogen-ion concentration also is favourable. 

Phosphoric esters are also present in the blood, and their hydrolysis 
by means of an enzyme, phosphatase, which has been found in the 
bones, is probably one step in the process of ossification. The pro- 
perties of these esters have been largely determined by Robison and his 
collaborators.^ 

Uses. — Many pharmaceutical preparations contain phosphoric acid 
or phosphates, or glycerophosphoric acid, which, as already stated, is 
made by heating glycerine with tlie ortho- or meta-acid. Lecithin is 
an ester of glycero])hosphoi‘ic acid wdiicli contains choline, (0113)3 = 
X’(OII) - Clio - CHoOIL and two molecules of a fatty acid radical 
(stearyl or oleyl). 

Acid pliosphatcs arc used in baking ]:)owdcrs, “ self-raising ” flours 
and for “ imjiroving ” flours. The acid is also an ingredient of some 
non-alcoholic beverages. 

Sugar phosphates, mainly the hexose mono- and di-phosphates, play 
an im])ortant jiart in alcoliolic fermentation. The calcium salts of these 
esters have been jircparcd. 

The acid, or calcium superphosphate, is used in the sugar-refining 
industry as a defecator to coagulate gums and other organic inpiurities 
and cause them to form a scum.^ 

It has been cm])loyed instead of sul[)huric acid in the liydrolysis 
of cellulose to give sugars. As a dehydrating agciit in organic prepara- 
tions, such as that of ethylene from ethyl alcohol, it is sometimes 
preferred to svdphuric acid. 

^ ifenderson, Atin. J . PkysLul., 15, 257; UiOS, 21, 427; J. Biol. Clttni., 1909, 

7, 29; M (‘iidcrson, Bock, tOedd and Btoddard, J. Bi.oL. C/k-j/i., 1924, 59, .979; J.tcA Liras 
0)1 Carlai/i AspacLs o/ Biocharm.idnj,'''' Dale, DT-uninunid, Henderson and Hill, London, 1926. 
“ l^o;j:^dale, J . Bharm.. Chini., 1859, [of -dl. 

Lull refc'rences to Ibis work may be obtained from llio Annual Jxe.])orts of ilia Cha'nu.cal 
Socte.Lyy especially vol. xxvi, 235, 1929; also " The SuynijicaiLCC oj Bhosjjhortc LsLtrs in 
Mttabolisrnf' R. Robison, Oxford Lniv. Press, 1933. 

Meekstrotli, Chtni. Met. Eng., 1922, 26, 223. 
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Other miscellaneous uses are : In dental cements and filling pastes, 
with kaoliu, other silicates, chalk and magnesia. Solutions containing 
the acid and ferrous phosphate will give a protective coating to iron and 
steel." Carbon is activated by being dipped in a solution of metallic 
salts and phosplioric acid and then igniting. Solutions containing 
ammonium phosjdiate with the sulphate and a soluble zinc salt may 
be used for fireproofing materials. Phosphates arc sometimes included 
in photographic toning and fixing baths. 

Dehydration of Orthophosphoric Acid and Production of the 
Pyro- and Meta-acids. — When heated in open vessels of gold or 
platinum the acid loses water, being converted successively, and to 
some extent concurrently, into the t)yro- and mcta-acids, thus : — 

2II3PO4 — ^^Il^PoO^+HoO 
nllsPO. — (HPOg).^ nnlloO 

Salts of these acids are prepared by heating the orthophosphates 
(see p. 155). 

According to Graham ^ the pyro-acid was formed largely even at 
100'' C., while Watson found that conversion was complete between 
255° and 260° C.- Exposure to a current of moist air raised the tem- 
perature of dehydration, while dry air lowered it.^ Thus air saturated 
with water vapour at 68° C. vrill leave 0*2 per cent, of water in the 
ortho-acid kept at 181° C., and will dehydrate it and produce 0-02 per 
cent, of Ii4p207 at 191° C. When air which has been dried by passing 
through 96 per cent, sulphuric acid at 12° C. is drawn through phos- 
phoric acid a,t 186° C. this acid is dehydrated to 86-8 per cent, of 
H4P0O7. Other dehydrating agents have a similar effect. Phosphorus 
oxychloride reacts in the following manner : — 

5113PO4 vPoci3=3n4Po07 + 3nci ^ 

A mixture of the ortho- and meta-acids may be condensed together 
to form the pyro-acid by heating on the water- bath, thus : — 

H3P04VJIP03-ir4P207 ^ 

Metaphosphoric acid is the final jiroduct obtained when ])hosphoric 
acid is heated in the air and was ])rodueed in this way by Berzelius.^' 
The minimum temperature required for d(6iydration is about that of 
molten lead, 327° C. The meta-acid begins to be formed at about 
800° C. and dehydration can be conqilcted at 316° ('.' or by heating 
until fumes are continuously cvoh'cd. 

Aqueous vapour pressures in ccpiilibrium with the mc‘ta-acid are 
much lower than those over the pyro-acid. The* pr(*ssiire over the 
pyro-acid became appreciable at 100° (,'. and rcaiclual 100 mm. some- 
what above 160° C., while that over tlic meta-acid became apprc^eiable 
at 190° C. and reached 100 mm. a little over 2 10° C.'^ 

* Known as ‘‘ Oarkerising ” or CosI(:t tisinu.” 

^ Loc. clt., p. .15“). 

2 Watson, ChcifL. Wcit’s, 1895, 68, l!M). 

^ Balarctl, Zeitsch. aiionj. Chem., i91(), 67, 25-1; 68, 2()(); 69, 215. 

^ Geuther, J.prald. Chtni., 1875, [2], 8, 559. 

^ Goutiier, loc. at.; Joly, Coi/ipt. rend., 1886, 102, 7(30. 

^ Berzelius, A 7171 .. Chirri. Fkys., 1819, [2], 10, 278. 
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Other methods of preparing pyro- and meta-phosphorie acids are 
given later in this chapter. 

Pyrophosphoric Acid, H^PoO-.— The history and chief modes of 
preparation of this acid have already been given (p. 170). A purer 
product was made by the double decomposition of a soluble lead salt 
with sodium pyrophosphate, Na^jP^O^, whereby lead pyro])hosphate, 
PboPsOy, was precipitated ; this was then decomposed by PIoS,^ The 
silver salt, Ag4P207, yielded anhydrous H^PoO^ when warmed in a 
current of dry hydrogen chloride. “ 

Physical Projjerties. — The concentrated acid, prepared by dehydra- 
tion of orthophosphoric acid, is a highly viscous liquid and probably is 
pohuncrised. By the depression of the freezing-point the molecules 
in aqueous solution showed a complexity corresponding to (H4P20-)4 
and (^141^207)5.^ The molecular weight in glacial acetic acid corre- 
S])ondcd to (H4P 007)3, but diminished with time.- The acid prepared 
as above — from PboP207 — appeared to dissolve in water as sinqde mole- 
cules.^ The freezing-point curve of H4P2O7 showed two eutectics — oiie 
at 23° C. with a. solution containing II4P2O7 -f-l-25H20 and the other at 
-75° C. with H4P2O7 -r 6-87^100. The maximum freezing-points are 
(1) +61° C. or higher, the melting-point of the anhydrous acid; (2) 
+ 26° C., the melting-point of the crystalline hydrate 1 - 141 ^ 007 -i- -pdoO.^ 
The acid which crystallised from concentrated solution was, hov'cver, 
found to contain anhydrous H3P04.^ 

The molar heat of fusion of the solid acid was about 2*3 Cals., there- 
fore very similar to that of H3PO4. The heat of solution of H4P2O7 
(solid) was about 7-85 Cals., that of H4P2O7.I -oIIoO (solid) t-5 Cals. 
The heats of transformation by means of liquid water were : — 

n4Po07 (solid) -fHoO =2H3P04 (solid) +6-07 Cals. 

H4P067 (liquid) ^-H“oO=2H.>PO. (liquid) - O-OO Cals. 

H4P2O7 aq. = 2II3PO4 aq. -i- 4-25 Cals. 

From these other thermal equations can be derived in tlie usual manner. 

The heats of formation from the elements were close to those of 
2H3PO, -IIoO. 

2P - 31 02 + 2H2 =H4P207 + Q 


I-F,it,07 solid i-l4Po07 liquid II4P0O7 solution- 

(Cals.) -532-23, 535-09 529-94, 533-40 540-16, 543-62 


The electrical (jonduetivities of aqueous solutions of pyrophos- 
])horie acid arc as follows : — 


c, mols/litre . 0-00125 0-0025 0-005 ()-()]25 0-025 0-05 

/X, molar conductivity . 602-0 556-7 503-3 438 -6 ^ 384-9 353-8 


^ Braun, Z(dtsch. anal. Chtin.^ 1805, 3 , 4(38. 

2 Giran, Corriyi. rend., 1902, 134 , 1499; 135 , 961, 1333; 1903, 136 , 550; 1908, 146 , 
1270, 1394. 

^ Holt and Myers, Tra7is. Che-ni. Soc., 1911, 99 , 394. 

Abbott and Bray, loc. at. 
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The degree of primary ionisation calculated from these values is high, 
being 96 per cent, at the lowest concentration. For dissociation 
constants, etc., see below. 

All the evidence shows that pyrophosphoric acid is tetrabasic and 
that each hydrogen is that of a stronger acid, i.e, more dissociated at 
the same dilution, than orthopliosphoric acid. 

With regard to heats of neutralisation, 1 mol of the acid, to which 
n equivalents of strong alkali were added, gave the following sueeessive 
amounts of heat, the sum of which is the total heat of neutralisation at 
each step : — 


11 , . 

. i 1 

2 


4 

i 

6 ' 

q (Cals.) 

T 14-4 

14*2 

3rd and 4th 

= 24-1 ! 

1*8 1 : 

• [ 15*3 

15*65 

13*1 

i 

7-8 2 


The constants of the successive dissociations were deduced from 
the conductivities of the salts : ^ 


Nal-IgPoO, 

NagHaPaO, 

XaslIPoO, 

Na4P20, 


K, 

V 3 

Ki 

0*14 

o-oil 

()-0„29 

o-OgSe 


or Z3 =7-6 X 10-\ /V4 = 4 x 10-^4 or 7^^ =4*9 x 

These constants determine the titration exponents pPI and the best 
indicators for the successive hydrions. The ac*,id can be titrated as 
dibasic, using methyl yellow, methyl orange or }>romophenol blue, and 
as tetrabasic using phenolphthalein, thyinol])htiia,lcin or thymol blue 
in the presence of a moderate excess of sohd)Je barium salt. The 
values of pll in the partly neutralised acid wci*e corrected for the salt 
error, and the constants and /Q whicdi j)reva,il in solutions of low 
concentration were thus deduced : — ^ 

7^3 =2*1 xlO-g j; 7C3 = 6*68 ; 7^'^ - hOG xlO'^^ t 

The true constant found by introducing tlu^ (correction for ionic 
strength was ()-15 x 10 at a concentration of ()*()2 inol/litre, and 
increased with decreasing concentration to t-O x 10 at: c = 0-()()128. 
The uncorrccted constant decreased from 4*9xl()~'^ at 6 ‘=0-()2 to 
1*5 X at 6* =0-0()125.*^ 

Hydration to Ort} to phosphoric x/cid.- ■ The procc^ss of depolyinerisa- 
tion of concentrated solutions of ])yrophosphoric acid which has already 
been noted very likely consists in the hydration of the molecules of 
condensed or poly-acid. Tlie iurthcr hy<lrat,ion, witli formation of 
ortho])hosphoric acid, ])rocccds only slowly at low tcanpei'aturcs and in 
dilute solutions. A dilute ac)ueous solution was kept for six months 
without change.'^ The velocity of the reaction lias been followed by 

^ Thom.sen, loc. cii. ^ Girari, cit. 

^ Abbott and bray, loc. cit. Kolthotl’, Jtc.c. Trav. chitn.^ 46 , 3b0. 

® Morton, Trans. Ckcni. Soc., 1928, ]). 1401. 

** KoltliolT. Jiac. Trav. chim. 1928. a'7. 826. 
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taking the difference in the relative titres to methyl orange and phenol- 
phthalein. 

II,PA+H 20 = 2 ll 3 P 04 

A solution containing 15-6 grams of P2O5 per litre was about half- 
transformed in 121 days (I-I4P2O-/H3PO4 initially =87/4; finally 
43- 1/47-9).^ The reaction was greatly accelerated by hydrogen ions, 
which in practice are usually supplied by nitric acid (see “ Anah^sisg' 
p. 181). It was found to be unimolccular.- 

Constitution .- — The formuh-e must, on account of the properties of 
pyrophosphoric acid and its relation to orthophosphoric acid, show the 
phosphorus atoms as saturated. This can be done either by the elec- 
tronic formula: or by those containing quinquevalent phosphorus, 
since as already shown the two kinds of formula: are interchangeable. 
The molecule may be (1) symmetrical or (2) unsymmetrical : — 



( 1 ) ( 2 ) 


The corresponding acid chloride is pyrophosphoryl chloride [q.v.). 
When this is treated with water it gives orthophosphoric acid, but 
when water vapour acts on a solution of the chloride in carbon disulphide 
some pyrophosphoric acid is produced. 

Pyrophosphates may split up in an unsymmetrical manner. Thus 
by heating with PCI5 in a sealeci tube : — 

Xa^P.O, -i- 3PCI5 = XaP03 4POCI3 4- 3XaCl 
and bv fusion : — 

XaAg^PoO. = Ag 3 P 04 -i- XaP 03 

The ethyl and methyl esters have been prepared by the usual 
methods. Thus (00115)41^207 by the action of CoH.I on Ag4P207 at 
100° C. The product was a liquid soluble both in water and in alcohol.^ 
The elevation of the boiling-point of benzene by this cstci' corresponded 
to simple molecules.^ The decomposition of the ester on heating 
supports the asymmetrical constitution : — 

(CoH^O)., = P =Oo =PO(OCon5) (C2ll50)3P0 -rOoP(OC2H5) 

OoP(OCon5) — OoPOTi C0H4 

the products being tricthyl phosphate, uictaphosphoric acid and 
ethylene. 

in most reactions pyrojohosphoric acid is transformed into ortho- 
phosphoric acid. It was dehydrated by PCI5, thus 

II4P2O7 4- PCI5 = 2IIPO3 -4 POCI3 4 - 2IIC1 " 

Thionyl chloride, SOCh, and phosphorus trichloride also gcive IIPO3. 

^ Berlhelot and Andre, Compt. -rttul., 1896, 123 , 776. 

- Montcniartini and Egidi, OazzeUa, 1902, 32 , 381; 1903, 33,52; Pessel, 

1923, 43 , 601. 

de Clermont, Cornpi. 7'end., 1854, 39 , 338. 

Cavalier, Compt. rend., 1906, 142 , 885; Rosenheim and rrilze, Bcr., 1908, 41 , 3708. 

C outlier, J. 'orakl. Clit^m., 1873, [21, 8 , 359. 
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The acid gave compounds with albumin which, unlike those of 
HPO3, were soluble d 

The pyrophosphates ai'e more stable than tlic free ac‘id and show 
some reactions wliich are described on p. 180 . Among these may be 
mentioned the white precipitate of AggH 2^2*07 which is insoluble in 
acetic acid (see ''History").^ 

Poiypliosphoric Acids. — The complex metaphosphates, 
probably contain a complex anion. The di-, tri-, etc. phosphoric acids 
however (])yrophosphoric a(?id and its series) are not polymers but 
condensation products, belonging to the series - (7?? - 1)1-100, 

and give tetra-, penta- and hexa-valent ions from PI^jPoO-, 
and iij.P.^Oio.''^ The salts were made by melting together (XaPOg). 
and Xa4p207 in ^mrious proportions. They were transformed into 
orthophosphates in warm water.'" 

Aletapliosphoric Acid. — The production of tills lowest hydrate 
of phosphoric anhydride by heating phosphoric acid (p. 170 ), or the 
production of metaphosphates by heating dihydrogen ])hosphatcs 
(p. 163 ), has alrccady been outlined. In those methods of preparation, 
NIki m^ay take the plac'C of II ; thus IiP03 has been prepared by 
heating ^ and NaPO^ by heating Xa(Xnj2P04 or 

mierocosmic salt, XUXIl4liF04.^’ The free acid can also be produced 
by the combined oxidation and dehydration of II3PO.3, as for examjile 
bv bromine, tlms 

2II3P03 2Bro = 4 lIBr -f 2HPO3 ^ 

The acid a})])ears as a transiiarcnt, vitreous, tough mass, wliieh 
usually is dclicpicseent and dissolves in water witli nmeli heat. At a 
red lieat it volatilises witliout decomposition ^ giving a vapour with a 
density eorresjionding to a moleeuhir weiglit of 76*8 to 78 - 2 , the 
theorei.ieal vcdiic for (111^)3)2 >')C‘mg 80 .'^ 

T 1 k‘ ])roj)t‘ri ics of the vitreous ruld x'aried eonsidca’a’nly according 
(o {.he mode o(‘ [)re])ara tion. Tlu‘ dc^vvc of lix'dration iicvca' eorre- 
sponded c'xa.cl.iy lo HiT);,, whieli re(|uircs 88-7 pea- (‘(aih of hut 

rcandu'd a eonstamt valiu* at adiont 78 per ecait., and th(‘ acid them 
x'oial iiisc'd imcliangcd. AHer a. shoi’t Inhaling the* avid eordainc'd 
83 - 8 n p('r cen!, ol’ HIT)., and I (M 3 per eeid. (>(' wjper, and vacs reaidilv 
soluble' in wader. Aiur lierdiiig ad. ehili rceine'ss For pe'rie.als o\' semc'cad 
}ie>urs Mu' aciel dissolxe'd at first re'aehly and t tieai with dibicuitv and 
with a. e'liai’act e'rist ie* erae’kling se)im(l. bdds se>ime! was elnc' to the' 
splitting e)f small pa.rlicles with a. glassy Frae-ture'. d'he' product was 
ne)t \'e‘t. pin’(' 11 IT).^, bid. e'e>nt aim'd water in the i'adie>s HP().,/1L,() 
- 86 - 26 / ! 0-7 i and 86j-6/ i ()• 1 . AFte'r he'ating lor 2 1- hours at a dull rc'd 
hc'at the acid elissoh'cd xery slowly (scx’eral da-X's) xxilliout ci’ae-kliiigd 

’ W'oi ni.s, ,J . Chf/n. S(/c., 31, .Sr)!); I '.oioi nioll, ihi'/ , 10(10, 32, ri;)^ 

~ 1 ’.,‘1 !a r( •f'l , '/jiitsrh. a/ia!. ('h<ni , I'ai: i , 60, 

i'’lcil inanii and { lcniicli(“rLC . 1 I S I.S, 65, .‘> 0 , .‘>S 7 , Ii . a /lo/ ij. Clion 

JSDC), 12, 1 M. 

^ ( dulni'.aiiri, " flatrnu :jn K< uni n :■'< < 1 ( t 7 ' n nd /n f mnl ilmr >SV//.:a,'’ l>ci!iri, 

k'r-nll " I'lii) r ! h d ntids tihn h ' >! D/. I > n ITIC. Sc ll ;i I"/. V.iif.srld (ituiiti ('htin I.VCC 
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The lowering of the freezing-point of aqueous solutions shows that 
metaphosphoric acid is polymerised A In a fresh solution containing 
initially 0*852 mol of ITPO 3 the molecular weight lay between (HP 03)2 
and (HP 03 ) 3 .‘^ Pure metaphosphoric acid is best ]irepared from 
Pb(P 03 )o (from Pb(X 03 )o and NaP 03 aep ). The precipitate is sus- 
pended in water and decomposed by a current of II^S. The lowering 
of the freezing-point of the acid freshly prepared in tliis manner 
indicated a molecular weight of 102, which, as tlic acid v;as ionised, 
indicated the preseiice of some complex molecules. EA’aporation of 
this solution gave one in which the acid lurd a. molar weight of 
172." 

The heat of formation of the solid acid from its elements is given as 
224-0 to 226*6 Cals., and that of the acid in solution as 236-4- Cals.^ 
On adding the heat of formation of 1 mol of water the sum of the 
heats (for IToO HPO 3 ) is found to be almost the same as that 
evolved in the formation of orthophosphorie acid. 

Esters of metaphosphoric acid arc known. Ethyl metaphosphate, 
C 2 H 5 PO 3 , was prepared by heating dry ethyl acetate with })hosp]ioric 
oxide and extracting the product with ether and warm alcohol, from 
which the ester w'as precipitated by ether.'^ 

Aqueoiis Solutions of Metaphos'phoric Acid. — The pliysical properties 
of the solutions are imt w'ell dchned, as the acid is in process of de- 
polymerisation and hydration (see below). The refractive index w-as 
investigated by Gladstone.^ Heats of neutralisation vrere those of a 
monobasic acid ; when one ecmivalent of alkali w'as added the heat 
evolved w^as 14*4 Cals.,^ 1-1 *84 ('als.”^ The electrical conductivity of 
the simple acid HPO3, calculated from that of the changing acid wliich 
contained both (llPOg);^ and H 3 PO.J, was found to ])c of the same 
order as that of a strong monobasic acid {c.g. IIIO 

The Hydration of Metaphosphoric Acid.- — The change of metaphos- 
phoric into orthophos])horic acid was observ'cd by Graham.'^ In 
solutions 0 . 1 ' ordinary meta])hosphoric. acid tw'o changes circ proceeding, 
the depolymerisation of (IIP() 3 ),, and liydra.iion witli ibiMuation of 
H 3 PO 4 . The change oi' osmotic 'pix-ssurc on standing was sliown by 
the fj’eezing-]:!oi]it method. The lowering in a nornud solution of the 
acid changed from 0-607" to 1-452" in P2 days, that in a double-normal 
solution from D425" to 3*1 50" in the same time.- Tlie conductivity at 
18" C. did not alter mucli i'or the first 20 houi's ; it then fell steadily. 
The first })criod lasted longer at 18° than at 25° Ct, and ]nrcsumably 
at lower tempei’atures w^ould be greatly extended. Dining this period 
depolymerisation may lie the main reaction. The sidoscqucnt decrease 
in conductivity is due to tlic conversion of the highly dissociated 
IIPO 3 into the less dissociated ir 3 PO^.® The velocity of the change 

' JUioult, Courpl rorid., ISS-l, 98 , r)()9, JO-iT; ,18S4, 99 , t)14; Co7'J‘it‘C, Aiiii. Cfu/ir 
Ahy.s., 19!:), [S], 29 , 490; [ 8 {, 30 , 6 :>. 

- Holt and 41y(a-.s, ioc. at. 

^ Gira!i, lac. cit. 

Lanyhold, JAr., 1910, 43 , .ISOT; ihifi., 1911, 44 , 207G. 

^ Gladislonc, J . (.'hf-ni. 8’oc., 1870, 23, 101. 

Thomsc'ji, " 'I'fii rniorlicniiscJir I ■ n tcr.'^vrluLiKjc.ii A StuUynri, 1900. 

' Gn'an, l()C. at., and Iitcfit rchf s le tt /a.s- ncn/c-a ' lOu'is, 

.1903. 

® Prideaux, Trans. Farada-y Tar., 1909, 5 , 3/. 

Graham, loc. at. 
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was such that a half-normal solution kept at 0 ° C. was completely 
com^erted in 150 days, at 31° C. in 5 days and at 95° C. in less than 
an hour.^ The change was accelerated by strong mineral acids. 

There is general agreement that during the change the titre to 
methyl orange remains constant. This will be the case whether pyro- 
phosphoric acid is formed as an intermediate product or not (see 
p. 181). The titre to phenolphthalein increases, and this also agrees 
equally well with both suppositions. The velocity/ constant was found 
to correspond to a unimolecular reaction.^ The change, however, con- 
sists of at least two, if not three parts, and several observers have 
found that there is no simple constant— thus, the velocity did not 
agree with either a unimolecular or a bimolccular reaction ; - the 
constant increased with time;^ the velocity was not proportional at 
each moment to the amount of unchanged substance.'^ 

It cannot be assumed that, because p^nophosphoric acid is produced 
as an intermediate product in the dehydration of H 3 PO 4 that it will 
also be produced during the hydration of HPO 3 . The amounts 
observed may be present in the original HPO 3 or be produced by the 
heat developed when this is placed in water. The pyro-acid has been 
detected in the last fractional precipitates of silver phosphates, etc. 
(see “ Estimation Since there is some evidence that metaphos- 
phoric acid is hydrated more rapidly than pyrophosphoric acid^ the 
latter may accumulate up to a certain maximum concentration. 

The foregoing results have been elucidated by the observation that 
hydration of the simple molecules HPO 3 leads to a preponderance of 
orthophosphoric acid, while hydration of the hexapolymer, (IlPOg)^, 
leads to a considerable proportion of each acid, ortho- and pyro- (see 
p. 177). 

Metaphosphates become hydrated in neutral and alkaline as well 
as in acid solution, according to the equations 

XaPOg -hl-IoO -NalloPO, 

NaP 03 -r XaOH Xa JTPO., 

At a temperature of 73° C. the velocity constant whether referred to a 
unimolecular or a bimolccular reaction diminished with time ; after 
an hour rather less than thrcc-quartci's of the original mctajdiosphate 
remains.® The product is mainly orthophosphate, as was proved by 
titration with methyl orange and phenolphthalein, although small 
quantities of pyrophosphate Avcrc formed by a side reaction. The 
pyro-acid was determined by titration to bromophcnol blue in the 
presence of zinc sulphate, which leads to a c,ompl(tc precipitation of 
pyrophosphate, the ortho-acid being unaffected, thus 

XaoILPoO. -r-2ZnSO.i^Zn2PA -i- XaoSO^ + HoSO., 

The hydration of hexametaphosphate, (XaP 03 )( 3 , proceeded 

as a unimolecular reaction. In neutral or alkaline solution ortho- 

^ Saba.ti(ir, Currqil. rend., 1888, 106 , 6‘.]; 1880, io 8 , 7.88, 80-1. 

- Holt and Myers, loc. cit. 

^ Hesse I, Monatsh., 1923, 43 , 60 1. 

Blake, Arner. Chein. J., 3 902, 27 , 68 ; Giran, Com/pt. rend., J90S, 146 , 1393. 

“ I'ogel, Neues Jahrb. Fliarni., 1857, 8 , 94. 

Dragunov and Rossnovskaya, Zeitsch. anorg. Chem., 1931, 200 , 321. 
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phosphate is formed ; in acid solution ortho- and pyro-acids in about 
equal amounts. 

The chemical properties of mctaphosphoric acid, apart from those 
winch are due to the fact that dehydration has proceeded to a mpeximum, 
do not differ essentially from those of the other hydrates of phosphorus 
pentoxide. The acid dissolves freely in certai]i oxygenated organic 
compounds — aldehydes, ketones and anhydrides, e.g. benzaidehyde, 
benzophenone and acetic anhydride.^ It was chlorinated but not 
dehydrated by phosphorus penta chloride : — 


HPO3 + 2PCI5 - 3POCI3 + IICl 2 


Complex Metaphosphoric Acids and their Salts. — The poly- 
mers of metaphosphates arc considerably more stable than those of 
tlic acid itself and consequently a great variety of these salts has been 
reported, having the general formula (MPOo),^, in which n varies from 
1 to 6 or possil)ly up to 10. The heating of Xa2H2p2C^7 yielded a 
soluble salt, GrahamA salt,” and an insoluble salt, Maddrclhs 
salt.'’ A sodium salt having the formula Xa3p309.GTl20 ma}' be 
crystallised froiu the melt obtained by fusing X'aolIPO.j.l 21100 either 
alone or with ammonium nitrate.-'' From the sodium salt there may 
be ])repared by double decomposition salts of many of the heavy 
metals, e.g. Pb3P309.3H20. These may be decomposed by H2S, etc. 
giving the free acids, wliich slondy decompose, yielding the ortho-acid. 
One structure which lias been assigned to the complex acid II3P3O9 is 


HO- 

HO- 


PO-Q/^ 


I>0— OH 


Trimeta]:»]ios]diates are often moderately soluble^, e.g. Ag.>XP03)3.]l20 
and Pa;,(P03)(..(Tl20. They often crystallise with 0 rnoleeuies of 
watc-r, e.g. Zn3(PO3)9.0]l2O, and also ii]) to 15, e.g. Mgo(P03)6.1 olPO. 
The electricad conductivities of their solutions agree well with those 
whicli should be shown by the salts of a. tribasic acid.^ 

M onmneiaphos'phaies .- — The ie.solublc salt obtained by lieating 
mici'ocosmic salt, X^aNIL^ilPO^, was a]:>parcntly polymerised incta- 
])hosp}iate," while soluble salts obtadned by neutralising mcta]:»hosphoric 
acid with sodium carbonate belonged to two series and (piickly changed 
into oi’t]iophos]:>hate when moist. ^ 

A salt which })rovcd to have tlie simple inolecular weight by the 
freezing-point method wns ])re])arcd by the action of ethyl I'lcxameta- 
])hosphate dissolved in alcolml on sodium ethoxidc : — 

(CA-i,iT).>)3 + GCoII,OXa -6(CoI-I,)oXaP04 

^ Jloimann, JU‘i iragf- z. K drinhi is dfvr Ortho- Kitd M(dnj)hx).-^j)}i()r.'<d\irc:.p JToicIdbcrLj;, 1902. 

“ Ciuither, J. -jyrohi. CIk.ih.^ 1871), [2j, 8, 3.')9; Ucimann, loc. at. 

Graliarn, Idid. 'r-Kuo^.^ i 8.‘)3, 123 , ' Maddcell, Phil. Mna.., 1847, !.“)], 30 , 322. 

Fkatinann and tlennebc'rii, A/nirden, ]848, 65 , ,304; v. Jvnorre, Ztd.'^ch. diiorg. 
Chthi., 1900, 24 , 309. 

'' V. Knorre, loc. ciL: W'ar.schauer, " Bttirdgc zv.r Kcorntnis d.er AI etophospludc,’''' Leipzig, 
]903. Sec also Wbealer, '' Btilrrujc, rtc.p Uerlin, 1901; Midler, Hcitrcvjc, ctc.p Ikalm, 
1900; Tarnmann, Zc.iOch. ])hysihil. Chem., 1890, 6, 122; Lindboom, Bcr., ISTb, 8, 122. 
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The sodium salt was crystallised as a granular substance. It precipi- 
tated salts of barium, silver and lead (see “ Trimetaphosphates 

Dimetaphosphates of copper, manganese, cobalt and zinc are said 
to be formed when an oxide or nitrate of these metals is heated with 
an excess of phosphoric acid between 316° and 400° C.“ The zinc salt 
had the formula ZnPgO^j.lHoO, and when treated with alkali sulphides 
gave the alkali salts K2P2O6.2PI2O, etc.^ Other authorities, however, 
have adduced reason for supposing that these salts are tri- or tetra- 
metaphosphates. ^ 

Tetrametaphosphates, — These salts are said to be formed when 
orthophosphates of metals of high atomic weight — silver, barium, 
lead — are heated with an excess of phosphoric acid at about 300° C.^ 
The free acid, H^P^O^o, prepared by decomposing the silver salt with 
HgS, was rapidly hydrated to H4P207.^ 

Fentametaphosphates. — Alkali and ammonium salts of HgPgO^^ 
have been prepared — the latter by heating (NH4)2P20(5 to 200° or 
250° C. The melt was dissolved in water and the salt precipitated by 
alcohol as an amorphous white mass."^ K4NPI4P5O45.6H2O was obtained 
in the crystalline state. Calcium, strontium and barium salts, when 
added to solutions of pentamctaphosphates, gave gummy or flocculent 
precipitates. 

Hexametaphosphates w^ere made by heating to a red heat XaH2P04 
or NaNH4pIP04, i.e. in a platinum crucible at about 700° C., with rapid 
cooling.® When the solution from this melt w'as added to silver nitrate, 
one of the products was a crystalline salt, probably 

The conductivities of these salts and of the pentamctaphosphates 
showed that only some of the kations were dissociated, and that there 
were probably com])lcx anions, e.g. Na4[Nao(P02)(;].’^ C’omplex ferro- 
and ferri-metaphosphates arc also known, M4[Fc(P03)(5], i\l3fFc(P03),,]. 

The etliyl ester has been ])re])arcd by boiling ethyl alcohol with 
P2O5 for some hoTirs. A viscous liquid insoluble in ether but soluble in 
chloroform was obtained, the molar weight of which in naphthalene 
corrcs])onded to (ColIrJ^jP^jOig.^® 

The polymetaphos]')hates are distinguished by giving gelatinous 
prcci]htatcs with salts of most metals, and by decolorising red solutions 
c o n t a i n i n g F c ( C. N S ) o . • ’ 

Still more com])lcx metaphosphates have been rc^portcal as resulting 
from tlic fusioTi of salts of i)ivak‘nt metals with Na,Nll4lIP()4.^ ^ 

Sodium t(draplK)sphat(‘, Na(;P40i3, arid decaphospliatc, XaioPioO^i, 
were also said to b(‘ among the ])roducts obtaiiual by fusing conudex 
metaphos]diai.(\s with ])yro])fu)S])hatcs.^“ The a,cid JI(5P4()i3 wa-s crystal_ 

^ Pascal, rnid., 11128, 177, 121)S; l^)2•l, 178, 211; 11)2'], 179, aGCi; 1924, 

180, (KM. 

^ Pka’l rtianii and ll{‘inu‘bcr<j:, lor. rit.; Maddn'.ll, lor. cil.; v. Kiioitc, lor. rit. 

^ Olaizcl, (Ihrr I )iniri(i })hosphor,s(inrr u/id 'rdi dtnrtd j)hosj)lioi s(ui re Sa/zrP Wiirz- 
bur^U 1880. 

Pa.s(;al, lor. rit.; 'Tamina.nn, lor. rit. 

Pleat mann, A nndlru, 1849,72, 228. 8(*(e also (llat.zeO, v. Knorn', tainniaiHi, War- 
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lised from a syrup}^ liquid obtained by adding more phosphorus pent- 
oxide to a solution obtained by adding the pentoxide to water {q.v., 
p. 183).^ 

The complex ba.sie phosphates such as oCaO.BPoO^, whicH was made 
by passing the vapour of phosphorus pentoxide over anhydrous calcium 
oxide, are supposed to be derived from more h^ulrated condensed acids 
such as H,oP60.o-'^ 

Properties and Reactions of Ortho-, Meta- and Pyro-phosphates. 

Orthophosphates. — Soluhilitij . — The tribasic phosphates of the 
alkali metals and ammonia are soluble, while those of the alkaline 
earth metals and the common metals are insoluble. They arc usually 
prepared by double decomposition between disodium hydrogen phos- 
phate and a salt of the required metal, thus 

2NaoHP04 -f- 3 Pb(OoC.CH.,)o = Pb3(P04), ^ 4 CH,COoXa -f-2CH3COoH 
Na.HPO^ - 3AgN63 = Ag 3 P 04 -r 2 XaX 03 + HXO 3 

Formation of the yellow precipitate of Ag3P04 is a common test for 
orthophosphates. On account of the acid which is liberated precipita- 
tion is not complete (see p. 181). Acid phosphates ot the alkaline 
earth metals, e.g. CaHP04, are precipitated from solutions wdiich are 
nearly neutral. Monoammonium phosphates, MXMI4PO4, which are 
so much used in quantitative analysis, are precipitated from neutral or 
slightly acid solution then made ammoniaeal (MgXH^PO^),^ or neutral 
or slightly acid solution (ZnXH^PO.i in presence of sodium acetate and 
acetic acid, pH - 6-1 -6*9).'^ 

The effect of igniting orthophosphates is stated on p. 174. The 
nature of the original salts may be deduced from the nature of the 
residue. CaHP04 may be distinguished from Ca3(P04)2 by washing 
with ammonia ; in the former case the washings will contain soluble 
phosphate. lMg3(P04)2 may be detected in ignited Mg2P20- by wetting 
with AgX^03 solution, which, if the former is present, im])arts a yellow 
colour due to Ag3P04. 

Precipitated phosphates of the zinc group a.nd of the alkaline earth 
metals and magnesium dissolve in acetic acid, Avhereas those of iron, 
aluminium and chromium remain undissolved, a fact Avhich is much 
used in qualitative analysis. The hydrion concentratimis, expressed 
as pH, at which the various precipitates ap])ear have been determined.^ 
All phosphates dissolve in excess of dilute strong acids, in many cases 
only that amount of acid being required which will convert the pre- 
ci])itatc into a primary or dihydrogen phosphate (c/. Can4(P04)2, p. 222). 

The precipitates obtained witli magnesia mixture (magnesium 
chloride in ammoniaeal solution), or ferric chloride in an acid solution 
to which sodium acetate has been added, arc often used as tests for 
phosphate (sec p. 180), and in tlic latter case the phosphate is removed 
from solution as ferric phosphate. Another common test is the formation 
of yellow ammonium phos]diomolybdate when a nitric acid solution of 
arnmonium molybdate is added to phosphate solution (see pp. 180, 181). 

^ lUikusiri and Arsc'nocli, Clu vn.. Zc.tL, 1921-}, 47 , lO.V 

2 Kroll, Zeilsch. (inotfj. Chain., 1912, 76, 387; 77, 1; 78, 5. 

^ Epperson, J. Amtr. Cktrn. C>oc., 1928, 50, 321. 

Ball and Agruss, ,/. Aine,r. CJitm. Soc., 1930, 52 , 120. 

Briuon, Trans. Chani. Soc., 1927, G14. 
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It is also possible to eliminate phosphate as insoluble phosphomcta- 
stannie acid by adding tin to a nitric acid solution of phosphoric acid. 

Pyro- and Meta -phosphates. — The behaviour of the pyro- and 
meta-phosphates towards the foregoing reagents and otlmrs which may 
be used in distinguishing these salts are tabulated below 


COMMON AND DISTINCTIVE REACTIONS OF ORTHO-, 
PYRO- AND META-PHOSPHATES. 


Reagc7it. 

Ortho-. 

! Pijro-. 


Silver nitrate, neu- 
tral or slighth' 
alkaline solution. 

A^eilov*' precipita.tc, 
dissolving in acetic 
acid. 

White crjvstalline 

precipitate, not 

dissolving in acetic 
acid. 

White gelatinous 

precipitate, not 

dissolving in acetic 
acid. 

Barium’ chloride, 

White precipitate. 

White precipitate. 

\Vhite precipitate. 

neutral or alkaline. 

Do. acid. 

Xo precipitate. 

Xo precipitate. 

Wliito precipitate. 

Albumin, acid solu- 

X'o reaction. 

Xo reaction. 

Coagulated. 

tion. i 

Ammonium molyb- 

Yellow crystalline 

Xo precipitate in 

Xo precipitate in 

date vith nitric 

precipitate on 

cold or on gentle 

cold or on gentle 

acid. 

w'arming. 

W'arming. 

warming. 

Zinc acetcuto to acid 
solution. 

Xo precipitate. 

White precipitate, 
soluble in excess of 
pyropliospliatc. 

Xo precipitate. 

Salts of cliTomium. 

1 'r ec ipi t cat(‘, solu ble 
in cold acetic a,cid. 

Precipitate, insolu- 
ble in acetic acid. 

Precipitate, insolu- 
ble in acetic acid. 

- 

Special tests. 

i Load acvotato givers 
w'liite 

almost insoluble 
in acetic acid. 

VagiKisium chloride i 
gives white pro- ! 
cipitate, soluble in 1 
excess of MgLL or 
pyrophosphate. 

Juit (‘0 cobaltic chlor- i 
idc, (Jo(Xll3),;Clri, 
gives a retldish- 

-Magnesium salts i 

give no precipitate. 

IMsmuth salts in 
alkaline solution 
give a white pro- 


3-ollou' cryst.alhnc cij)itaU!. 

[)reci])ilal(‘, 

: _ 1 ibid). 

Estirnatiosi of the Phosphoric Acids. 

The titrations are })a.,sed u))on the d(‘gr(‘cs ol' dissoeicdion of the 
first, second, etc. hydrogen ion. The dissociation constmits and 
a])])ropriatc indicators arc mentioned on p]-.. 1()5. 172, 1 7(>. 

Orthophosphoric Acid may be titrated with sodium or ])otassium 
hydroxide free i’roin carbonate. Tlu‘ ecjiiivahmt ])oint iiulieatino’ 
NalloPO^^ ocenrs at jAl ~c(/. rvliich is witliin tiu‘ tiainsition range 
of mctliyl yellow, inctliyl orange and hromojdienol blue. Tlie end- 
point tint should l)e matched against that of a eoni})arison solution 
containing about the same concentration of NalloFO^. 

The acid may also be titrated as dibasic, using ])hcnol])hthalcin, 

* Note . — The results depend soincwhat un the coiuplexitv’’ ol the nielaphosphatcs (see 
pp. 177 ct dcq.). 
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thymolphthalein or thymol blue, the end-point tint being matched 
against a solution of Xa 2 nPO,j. 

The results are closer to the theoretical if the solutions are saturated 
with sodium chloride. Sec aJso Neutralisation Curve,” p. 166. 

Pyrophosphoric Acid (p. 171) may be titrated as a dibasic acid to 
pH = 4-0 using methyl yellow, etc. as before; also as a tetrabasie acid 
using phenol])hthaIein, thymolphthalein or thymol blue in the presence 
of barium salt. Electrometric titrations have also been performed A 

Metaphosphoric Acid may be titrated with methyl orange, etc. 
irrespective of its progressive hydration (p. 175). The phenolphthalein 
titre, however, varies with time (see p. 176). 

Special jnethods of analysing the pyro- and meta-acids have been 
indicated on pp. 172, 176, 180. These acids may easily be converted into 
the ortho- form by boiling alone or in the presence of some nitric acid, 
and then determined by one of the methods described in the following. 

Determination of Orthophosphates. — ( 1 ) With Silver Nitrate . — 
This depends upon the precipitation of silver orthophosphate in solu- 
tions of low and controlled acidity. In the assay of commercial 85 per 
cent, phosphoric acid of density 1*710 the syrup is diluted to a con- 
venient volume and an aliquot part is taken which contains about 
0*1 gram ot H 3 PO 4 . It is neutralised to phenolphthalein with approxi- 
mately deci normal alkali (free from chloride). 50 c.c. of deeinormal 
silver nitrate arc then added while the solution is kept neutral to litmus 
by stirring in zinc oxide or a suspension of the hydroxide. The whole 
or a measured ])art of the hltercd solution is acidified with nitric acid 
and, alter tlie addition of ferilc alum, the unused silver nitrate is 
titrated with standard deeinormal ammonium thiocyanate in the usual 
inanncr. Alkali ])]iosphates may also be determined in this way. 

Silver phosphate is also quantitatively ])recipitatcd in the presence 
of sodium acetate and acetic acid, the phosphoric acid then being 
titrated as a tribasic acid according to the equation 

n 3 P 04 n- 3 AgX 03 +: 3 C;H 3 COONa = Ag 3 PO,i n- 8 NaN 03 -r aCHoCOOH 

Tills reaction is also used in the method of llolleman - as modihed by 
Wilkie.^ A ])]iosp4iatc solution containing plicnolphthalein is reddened 
by the addition of alkali, then just decolorised with nitric acid. An 
excess of standard silver nitrate is then added and deeinormal sodium 
acetate and alkali to slight ])ink colour, followed by 2 c.c. ol deeinormal 
IloSO^. The solution is diluted and (iltercd and the excess oi silver 
determined by titration with deeinormal ammonium thiocyanate. 

( 2 ) With ' Mohjbdatc . — Precipitation oi' phosphate in nitric acid 
solution by means of ammonium molybdate s('r\x\s not only as a quali- 
tative test, but also for the quantitative separation of phosphate in a 
])rcliminary or even hnal manner. Insoluble ]ihos])hatcs are previously 
dissolved in nitric acid, while the ])hos])horic acids arc nearly neutralised 
with ammonia and then acidilicd with nitric acid, the nitilc acid 
solution of ammonium molybdate (3 per cent.) is added hot, the mixture 
boiled and the ])reci])itate collected on a litter. The precipitate may 
now^ be treated in various ways 

(a) The precipitate is rcdissolvcd in ammonia, reprecipitated with 

‘ Morton, Quart. J. Pharui., 1930, 3 , 438. 

2 Holloman, J. Soc. Cham, hid., 1894, 13 , 763, 843. 

2 Wilkie, J. IS'oc. Clitni. hid., 1910, 29 , 794, Kosm, J. Auitr. Ghent. Sac., 1911, 33 , 1099. 
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nitric acid and ammonium molybdate, washed with a solution of 
ammonium nitrate and nitric acid, and dried for a long time at 160° to 
180° C. preCcrably in a current of air. The precipitate is then 
(NH^)3P04.12 Mo 03 containing theoretically 3-782 per cent. P^O- and 
1-65 per cent, phosphorus. Under the conditions given the practical 
factor for conversion to per cent. P2O5 is 3-753.1 If the precipitate is 
greenish it should be heated again with a small crystal of KH NO 3 
and a little ammonium carbonate which gives the correct yellow. 

(b) On gentle ignition the precipitate is converted into a blue- 
black substance 24M0O3.P2O5 which contains 3-947 per cent. PgO^. 

(c) The precipitate is dissolved in 2-5 per cent, ammonia, the^'solu- 
tion nearly neutralised with hydrochloric acid and precipitated with a 
solution of magnesium salts (see p. 183). 

(cl) The w^ell- washed precipitate is dissolved in a known quantity 
in excess of standard alkali, the excess alkali being titrated with 
standard nitric acid using phenolphthalein : — 

2[(NUi)3PO. + I2M0O3] V 46 NaOH +II2O :^2(NHJ2HP0. 

+ (NHJ^MoO, 23Na2MoO, + 23 H 2 O 

1 c.c. deeinormal NaOH corresponds to 0-000309 gram P2O5. 

(e) The molybdate mctliod has been adapted to the determination 
of small (piantitics of phosphorus colorimetrically. The solution in 
nilric. acid is evaporated to dryness to render the silica insoluble, and 
the residuc^ taken up with nitric acid. After the addition of an excess 
of iunmoiiinm molybdate the colour is matched against a standard of 
nearly the same* c'oncentration in phos])hate. The maximum colour is 
devtt()})(‘d after a few minutes, while that in the presence of silicic acid 
r(a|uir(\s soinc^ hours. Darker solutions precipitate in time while lighter 
()ii(\s huhn- 

A colorini(d:ric method has also been devised which is not inter- 
ha'c-d with by silicic* achd. Iron, however, should be removed by means 
ol’ ('upferron. Thc^ solution should contain 0-002 to 0-025 milligram of 
PA >3 and 2 c.c. of nitric ac-id (density I-I2). To this is added 2 c.c. of 
a (piiniiu* solution nuide by dissolving I gram of the sulphate in a sliglit 
(-X(*ess of nitric* acid and adding enough barvta to precipitate all the 
sulpl latc*. The* colour devc-loped after the addition of the molybdate is 
compared wit h t.luit, ol* a sta,ndar(L*^ 

A ne|)helom(‘trie mc-fhod using a strychnine molybdate reagent has 
also l)(‘en d(*\'ist*(I. 

A similar method is nsc-d for tlic determination of inorganic phos- 
j)hates in urim*."' 1 to 5 c.c. of tlic urine, c*ontaining about 0-5 milli- 
gra.ni of phosphorus, arc* dilutc‘d and treated with a solution of ammonium 
molybdate* in 15 pc'r e(*nl. sul])hiirie a(*id (5 c.c*..), 1 c.c*. of 1 ]3er cent, 
hydnxpiinoiu* solution a,nd 1 (*.e. of 20 per cent, sodium sulphite 
solution. Tin* blue; colour is compared in Xcsslcr glasses with that 
(l(*\(*l()i)cd 1)\' tin* samu* solutions wlicn mixed with a standard phos- 
phate* solution of whicli 5 (*.c. contain 0-5 milligram of phosphorus. 

‘ trcadwf'll-ltall, A ik/ I i/t iral ('hcnnAhij, VoL II, Quantitative,'" Chapman and Hall, 
ia:d). 

- Scluviiicr, ./. x\)ner. (then/. S(jc., 1903, 25 , 1056; Schreiner and Brown, ibid., 1904, 
26, 975. 

(Jrepoirc', ilidt. Aor.. chiai. Btlg., 1920, 29 , 253. 
duliuslx-rpcn-, lA'nrhrm. Zeifsch., 1926, 177 , 140. 
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The standard phosphate is made by dissolving 4 - 38.8 grams of KH0PO4 
in 1 litre and diluting this stock 10 times before use. 

(/) The amount of molybdenum in the precipitate may also be 
determined by several methods. A quick volumetric method consists 
in reduction to molybdejium sesquioxide and titration with perman- 
ganate. The precipitate, after washing with acid ammonium sulphate 
solution, is dissolved in 10 per cent, ammonia, then treated with an 
excess of dilute sulphuric acid and filtered through zinc. The reduced 
solution and its washings are run directly into 50 c.c. of 20 per cent, 
ferric alum. The AIo 0 .j is reduced by the zinc to M02O3 (or M024O37) 
and this is again oxidised by the ferric sulphate, giving its equivalent 
of ferrous sulphate, which is titrated with lOInO^. Since the pre- 
cipitate contains IP to 12M0O3 and 3 atoms of oxygen oxidise MooOg, 
it follows that 36 Fe = lP. Therefore the iron value of the KMn04 
multiplied by P/ 36 re {i.e. 0 - 01510 ) gives the value of the KMn04 in 
terms of phosphorus. The factor is 0-0158 if the reduction product 

IS 5102403-7. 

( 3 ) Vohi?netrically, by Uranyl Solutions. — Phosphates which are 
soluble in water or acetic acid may be determined quickly with a 
solution of uranyl acetate or nitrate which has been standardised 
against pure sodium or potassium phosphate. The uranium solution 
is run into that of the phosphate, containing ammonium acetate and 
acetic acid. A greenish-yellow precipitate of uranyl ammonium 
phosphate is deposited. The excess of uranium which appears at the 
end-point is recognised by spotting on a white tile and mixing with 
drops of a solution of potassium ferrocyanidc. The uranyl salt gives 
a dark brown colour of uranyl ferrocyanidc. 

KH2PO4 -r UOo(CH3COo) 2 -r CI-I3CO 0XII4 = UO 0XH4PO4 

-r- CH3CO2K 2CH3CO2H 

It is possible also to use cochineal as an inside indicator, the end-point 
being shown by a change of colour from pink to green. 

( 4 ) Magnesium Phosphate Method . — This is the most important and 

most accurate final method for the determination of phosphorus in all 
its compounds. If the phosphate is present as a salt soluble in water 
the solution is slightly acidified and magnesia mixture (containing 
magnesium chloride and ammonium chloride) is added. The solution 
is heated to boiling and a hot 2*5 per cent, solution of ammonia is added 
drop by droy) until y^hcnolphthalein is reddened and a crystalline y^rc- 
ciy)itatc obtained, which is ready lor filtration after standing about 
10 minutes. The y)rec'ipitatc is washed with 2*5 y^cr cent, ammonia, 
filtered olT on a Gooch crucible or on ])apcr and ignited wet or dry to 
^IgoPoO^, which contains 27-86 ])er cent, of y:>hosy)horus, 63*79 yDcr cent, 
of 85*342 y)er cent, of PO4. 

An ammonium yihosy^homolybdatc jircciy^itatc is treated as de- 
scribed under (26*) (p. 182 ) for conversion into 5IgXH4P04. The 
washed ])reciy^itate of 5IgXH4P04 may be determined volumetrically 
by solution in a known quantity in excess of standard hydrochloric 
acid and back-titration with decinormal alkali using methyl orange, thus 

5IgXH4P04 -1- 2 IIC 1 =NH4H2P04 -r 5I0CI2 

The most imy3ortant materials or y^roducts in which it is necessary 
to determine yjhosphorus are y^hosy^hatic rocks of all sorts, soils. 
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fertilisers (including basic slag), iron, steel and non-ferrous phosphor 
alloys. The former classes arc dealt with in the appropriate sections 
of this Volume, so that it remains only to mention some special methods 
which arc used in the case of phosphorus alloys. 

Phosphorus in Alloys. — 3iany commercial varieties of iron con- 
tain phosphorus, probably in the form of a phosphide (g.r., ]). GG). 
The metal is dissolved in HXO3 (1:1), the solution evaporated to 
dryness, the residue ta.ken up with hydrochloric acid and evaporated 
again until the silica has all been rendered insoluble. The residue is 
then taken up in hydrochloric acid, evaporated to dryness again, taken 
up in nitric acid and treated with ammonium nitrate and ammonium 
molybdate reagent. The precipitate is washed with dilute nitric acid 
until free from iron salts, then with water if it is to be weighed as 
under (2a) (p. 181) or with a solution of potassium nitrate if it is to 
be titrated as under (2d) (p. 182). This method also applies to other 
metals Avhich contain phosphides. If tin is present, as in the phosphor 
bronzes, all the phosphoric oxide is found with the insoluble meta- 
stannic acid after solution of the alloy in nitric acid. This precipitate, 
after washing, drying and weighing, may be fused with three times its 
weight of potassium cyanide. The residue is extracted with water, 
the metallic tin filtered off, and the excess of cyanide destro3"ed with 
HCl, any copper and tin remaining in solution being precipitated with 
HgS. In the filtrate, after boiliiig, the phosphate is determined b\^ 
anv of the methods already described. 

Per phosphoric Acids. — The methods which have been used 
successhdly in the preparation of persulphurie adds and pcrsulphales 
have also been applied to per])hos])horic acid and the ])erphosj)hatcs, i.e . — 

{a) The addition of IVOo at low temperatures. 

(/;) Anodic oxidation. 

(a) Hydrogen })er()xi(le does not combine with ortho])hos])horic 
arid. But wlicn meta])hosphori(* acid or phos])horus pentoxide were 
treated wiih 80 ])cr cent, hydrogen ])eroxide at O'’ C'., solutions were 
ohlained whicli had oxidising properties and whicdi b)' analysis proved 
to contahi i)tn}i()r}()])}i(}S'pli(ync acid, With pyroj)hosj)lioric acid 

in c‘xcess, pcr(lij)lu)S 2 )horic acid, IT^PoOy, was oldaiiual. ‘ 

Slight ly acid or alkaJine ])hos])ha.te solutions of the alkali metals, 
combine with vaiying j)roportions of llodo in a loose niaiiner. 
Siudi solutions gi\’e the r(*aetions of 

(h) If lead rolytic oxidation. The ])crphosj)hates of the alkali metals 
a.nd of amni(mium have beam prc])are(l in this way. As in the electro- 
lytic. product ion of pcrsulphates low t.canpcmt urcs are advantageous 
a.nd tlu' jirc'scnce of iluoridc'S and chromates increases the yield, 
probably by maintaining a high anodic! over- voltagce A low anodic 
cui’rcud.-dcmsity (e.g. about ()•()! 5 a.m])./cm.-) is i‘a,vourable. Itie 

cdc'ct rolylc* may consist of a, solution oi‘ with (luoridc and 

(diromatce On evaporation a.t 100° 0. alter the ctcadrolysis potassium 
perphos])haL(‘, can be crystallised.'^ 

^ Schjtnidlin and .Massirii, Ijct., JDlO, 43, d’Aiis aiui tricdi'icli, JJer., iOJO, 

43, 18S0; d’Aiis, Zc'iCscJi. Zlcldrochcjn., 17, SaO. 

^ Husain and Part Trens. Faraday Foe., l‘ddS, 24, 

Tins Senes, V’oluine VII, Pari il. 

Incdiler and Vulier, Uelv. Cliim. Acta, 1918, i, 297; Miro, ibid., 1919, 2, 3. 
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Perphosphates of ammomum may be prepared in good yields by 
electrolysis, but auto-oxidation and -reduction may occur with the 
})roduction of ammonium phosphate and ammonium nitrate.^ 

Perphosphates of rubidium and Cecsium are more easily prepared, 
even in the absence of lluorides or chromates. The permonophosphates 
of these metals however require in their preparation rather higher 
current-densities. - 

If the perphosphoric acids are regarded as derivatives of hydrogen 
peroxide their constitution with quinquevalent phosphorus will be 

O O 

; i: 

(HO)o -P— 0 — O— P - (OH ) 2 

Perdipliosphoj’ic Acid. 

Reactions and Permonophosphoric acid is a strong 

oxidising agent. It liberates iodine at once from acidified potassium 
iodide {cf. Caro’s acid) and oxidises manganous salts in the cold to 
permanganates. Hydrolysis in dilute solutions is represented by the 
equation 

Il3P05^H20=Il3P0,-hH202 

Perdi phosphoric acid liberates iodine only slowly from acidified 
potassium iodide, and can be kej)t for- long periods in dilute solution. 

Oxidation of manganous salts in acid solution to red manganic salts 
is characteristic of true ])crphosphates. They should not give the 
characteristic tests of hydrogen peroxide with chromic acid or titanic 
acid. They oxidise acid aniline solutions to nitrosobenzenc and 
gradually to nitrobenzene. 

Potassium pcr])hosphate gives with silver nitrate a dark precipitate 
whidi changes to white Ag3P05, then to yellow Ag3P04 with evolution 
of ozone and oxygen. 

^ GutzwjJler, lUdv. Chim. AcMt, 19:^8, ii, 323; Husain and Partington, loc. ciL See 
also I-3c‘htcr, J. Soc. Chr/rn. ind., P329, 48 , 347P\ 

- Husain and Pariington, luc. cit. 


.(OH), 

0 =P< 

\ 0 — OH 

Perm 0 n oph osph ori c Acid. 
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PHOSPHORUS AND SULPHUR OR SELENIUM. 

Phospjiori.:s combines directly with sulphur in various proportions 
to give sulphides, the formulae of some of which resemble those of the 
oxides. It also gives oxysulphides, thiophosphites, thiophosphates 
and the corresponding acids. The latter salts may be made by the 
acdion of alkalies or alkali sulphides on phosphorus sulphides. 

Historical. — It was recognised early that phosphorus combines 
violently with sulphur when the two are heated together to a sufficiently 
liigli temperature (sec p. 187),^ and various products w^erc examined, 
some of which afterwards proved to be compounds and others mixtures. ^ 
Among the (airliest products to be prepared and analysed were P^S ^ 
and The; substance P^S was shown later to be merely a solid 

solut ion of the t wo elements, while the latter, P 4 S 3 , is one of the best- 
known compounds and is prepared in large quantities for use in the 
mat ('ll indiist.ry {((.v. and see }). 10 ). 

Physical Mixtures. -VVJien sulphur and phosphorus are melted 
togcd lu'r at, tcnqieratau'cs bedow 100° C. each lowers the melting-point 
of tli(‘ ot lici* but. t.luu’e is no sign of ('ombination. The eutectic mixture 
soIi(iili(‘d at. i O-S ' C. a,n(l ('ontained 22-8 jicr cent, of sulphur. The 
mix(*(l crystals (h'positcd on tlu' sulphur side of the eutectic were iso- 
iuor[)iious with t.lu' oct.alu'dral form of sulphur up to a maximum of 
about, 20 per cent,, of phosphorus, while the crystals on the phosphorus 
side were isoinorphous with ])hosph()rus u}) to a maximum of about 
o per (‘(‘tit. of sulphur. On dist,illat.ion at low temperatures (under 
!’('( luci'd pia'ssurcs) tiu' products behaved as mixtures; all the phos- 
piionis distilled away and llu* suljihur was left.^’ 

l’lu‘ System Pliosphorus-Sulphur and Compounds. — The two 
('huucnts niix(‘d iu \arions jiroportions were fused in sc^a-led tubes at 
about 200' ('. Tbo solids so foruual were' luaited and the tenqieraturcs 
th-tcrniincd at which conipictc* ]i(]ucfa,ction took place. These teni- 
pcraturcs aia* the initial fiaa'zing-points of li(pud at that temperature 
in juiii bi'iuin with th(‘ solid phase's. 

i)y this nictliod points on tlu' t.emperat urcseompositioii curves were 

' M . 1 1 " • • 1 ,U , M i I (111 ii . lU nth n., I 7 1U, 6, L 

Uri/cliu; , Aiifidl'in ISL'e 47 , 12a, F;ira(la.y, Quart. J. /Sr./., 1818, 4 , 361; 

i’flii'irr, Ann. ('/iiJr/. lAtt/s., ITUU, [I], 4» t. 

•' I M-f/ciili; , 6 '(•, <-it. 

'* O.w///;//'. // //f/., ism, 58, SIM); 1881 , 93 , 481 ); 1883,96,1(330; 1884,98,45. 

- noult.uclu Cuiiiiii. nnil., 1002, 135 , Kif); 1004, 138 , 3(34; J0()(), 142 , 1045. 

'■ IvainlnTl, Co/Jijtt. n //(!., 188.3, 96 , 1409, 1(328, 1771 ; 1885, 100 , 355; 1886, 102 , 
13s(3. 
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obtained corresponding to the compounds P 4 S 3 , PoS.>, P 0 S 3 and perhaps 

P3S6, P4S7, 

FREEZING-POINTS AND COMPOSITIONS OF THE 
SYSTEM PHOSPHORUS-SULPHURA 

I The melting-points of compounds and eutectics are printed in heavy 
type, the corresponding comjDositions of the liquid phases in italics. 
Solid phases of uncertain composition are enclosed in brackets. J 


Per cent. 
Sulphur. 

Solid Phase. 

Freezing- 

point, 

“C. 

Per cent. 
Sulphur. 

Solid Phase. ' 

Freezing- 

point, 

"C. 

0-0 

P 

4-44 

43-6 

P 4 S 3 

167 

G-0 


27 

45*0 


154 

10-0 

; ? 

20 

50-0 

P^Sg-fPoSa 

46 

12-0 

. 

13 

55*0 

P 2 S 3 

230 

16-0 


4" 3 

60-8 

P 2 S 3 

296 

20-0 

P+(P2S) 

- 7 

67o5 

P 2 S 3 +P 2 S 5 

230 

24-0 

(I^S) 

4 - 0 

72-1 

P 2 S 5 

272 

26'0 


11 

75F 

PoS5+(PS„) 

243 

30-0 

, , 

24 

80-0 

(PSc) 

300 

34-0 

. 

38 

86-1 

(PSc) 

? 5 

314 

36^0 

(ms)+p,S3 

44 

90*0 

308 

38 *0 

13 S 3 

86 

95-0 


260 

40-0 


122 

100*0 


115*2 

41*0 

3 5 

' 146 


1 



Other compounds not included in this set of experiments have 
been described, c.g. P 4 S 7 (m.pt. 303° C.), (m.pt. 298° C.),^ and 

P 4 S 3 (m.pt. 311° C.). 

A metastable scries between ])hosphorus and P 4 S 3 has also been 
reported, with a eutcetict at - 40° C. and 33-5 per cent, sulphur, but the 
latter ]:)oint may be due to su])ereooling.'^ 

Tetraphosphorus Trisiilphide or Fhosijhorus Tetritairimlp^ 
P 4 S 3 , may be ])rc{)arcd by heating together the theoretical pj'opor- 
tions of red ])hos])horus and sulphur in a sealed tube or in an atmo- 
sphere of carbon dioxide.'"' It is recommended ^ to use an excess of red 
phosphorus, mix intimately with powdered sulphur a.Jid heat to 100° 
C. in a wide tube in a current of carbon dioxide. The reaction is 

•' Giran, Campl. rend., I!K)(), 142, .198; Bouloueh, Loc. cl/.; lldiT, Ztdsch.. phy,'>lI:aL 
Ckeni., J89,l, 12, I9(); Mai and 8clietler, Her., 190.1, 36, 780; Sioc;k and Hofmann, ibid., 
190.1, 36, .11."); lHid()l[)li, "Zur Kcnuliils dcr rii.osphor.mljlde, idsbcsund.crt dc.s Tetra- 
pko6'j)li<jrtrisidJid(-s," Btn-Jiii, 1910; Schonck and Sc-haril, Ber., ] 9UG, 39, 1.322; Siock 
Rjid lludolph, ‘i/)id., 1909, 42, 2()()2; J910, 43, 1.30; Slock and iici'scovici, ibid., 19J0, 
43, 41.3, 122 . 3 ; 1 lcr.sco\ ici, Zyiir KttinUns dtr Phos-plLorsidfuLcp Herlin, 1910; Slock and 
V. Rczold, Btr., 19()8, 41, (357. 

“ Giran, Loc. cit. ^ Stock and v. Rczold, loc. cii. 

J3ouJoucli, loc. cit. 

^ Lomoinc, loc. cU.; Isarnbcrt, loc. cit.; Rammo, Ber., 1879, 12 , 94-1; Helll’, loc. ciL; 
Mai and Sclicll’er, /oc. cit.; Stock and v- Bezold, loc. cit.; Rudolph, loc. cit.; Stock and 
Rudolph, loc. at. 

Stock and Rudolph, loc. cit. 



188 


PHOSPHORUS. 


started by stronger heating in one spot. After the reaction has ceased, 
the contents of the tube are heated until distillation begins, in order 
to dissociate the higher sulphides of phosphorus. The product, after 
cooling in an atmosphere of carbon dioxide, may be extracted with 
carbon disulphide, which dissolves the P4S3, or distilled, when P4S3 
passes over. 

Details of the preparation according to Stock ^ are as follows : — The 
sulphur, phosphorus, carbon disulphide and benzene should be both 
pure and dry. The red phosphorus (155 grams) is mixed with the 
sulphur (95 grams). This mixture, in portions of 40 to 50 grams is 
carefully warmed to 100° C. in a beaker standing on a sand-bath, 
wHile a current of COo is passed on to the surface. The part of the 
beaker which is on a level with the upper edge of the mixture is then 
heated with a small flame until the reaction starts and spreads rapidly 
through the mass. The melted substance is then heated to the point 
of distillation in a current of CO 2, which is maintained until the product 
is cold. It is then crushed and extracted with about twice its weight 
of warm CSo. On evaporation of this, the sulphide, having a melting- 
point of 130° to 150° C., remains. It is powdered, boiled with water 
and steamed. The })owder is again extracted with CS2, which is shaken 
with Po^o? filtered and evaporated until crystals form. These are 
dried over P2^5 1^^ ^ water-pump vacuum. The product now melts at 
160° to 171° C. but still contains CS^, which may be removed by extrac- 
tion in a Soxhlet apparatus with benzene. As this proceeds, fine 
crystals are deposited from the benzene. These are sucked dry on a 
filter and finally freed from solvent in a current of dry hydrogen. 
Another crop of crystals may be obtained by evaporation of the mother- 
liquors. The yellowish needles, of melting-point about 173° C., are 
soluble in benzene and carbon disulphide. Solutions are turbid on 
exposure to air, but remain unaltered in an atmosphere of hydrogen. 
They can be heated to 700° C. without alteration in the absence of 
oxygen and moisture. 

In the commercial process phosphorus and sulphur are heated 
together in a current of carbon dioxide to 330° or 340° C., and the 
compound sublimed. The commercial product may contain 83 to 98 
pci- cent, of P4S3 with free sul])hur, water, volatile matter, phos})horic 
acid and other impurities.- If it is to be used in the match industry 
it should not contain free phos})horus. 

The purilied compound is a yellow crystalline substance which 
has a constant composition and which does not alter on fractional 
distillation or crystallisation.^ The vapour density w'as found to agree 
with the Ibrmula 1^483.'^ It has been confirmed that the molecular 
weight of the vapour agrees with the theoretical (220) at about 700° C., 
but above this temperature dissociation takes place, a molecular Aveight 
of 179 being found at 1000° C.^ Molecular weights slightly above the 
theoretical (228 to 264) were found for this compound wdien dissolved 
in benzene at its boiling-point.^ 

The density of the solid was 2*0.' The melting-point was found to 

^ Stock, loc. cit. - Clayton, Proc. Chem. Sgc., 1902, 18 , 129; 1903, 19 , 231. 

■’ Lemoine, loc. cit. 

Lemoine, loc. cit.; Ramme, loc. cit.; Helfl, loc. cit. 

Stock and v. Bezold, loc. cit. 

^ Stock and Rudolph, Stock and v. Bezold, Helft', loc. cit. 

' Lemoine, loc. cit.; Isambert, loc. cit.; Stock and v. Bezold, luc. cit. 
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be 165° to 167° C. by Isambert, Helff, Mai and Scheffer,^ also by Rebs 
and Giran,2 but Stock and his collaborators give 171° to 172-5° C. 
The boiling-point is above 400° C. ; it is given as 410° to 420° 

408° to 418°,^ 407° to 408°. In a water-pump vacuum the sulphide 
may be distilled at about 230° C. 

The heat of formation was low, namely, 16-4 Cals, per mol P4S3 
and of the same order as the heat of transformation of yellow into red 
phosphorus. As alread}' mentioned, the vapour is dissociated at higher 
temperatures, and in an atmosphere of carbon dioxide this dissociation 
appears to begin at about 380° C. 

The compound ignites in air at about 100° C.^ and shows a greenish 
glow of slow combustion at about 80° C.^ The conditions of this glow 
resemble, but are not identical with, those required in the cases of 
white phosphorus and phosphorous oxide. ^ It did not appear in pure 
oxygen until, a.t 65° C., the pressure was reduced below 300 mm., and 
was steady at 242 mm. in dry and 250-3 mm. in moist oxygen. At 
higher temperatures the glow appeared and disappeared at higher 
pressures. Inllammation occurred between 80° and 90° C.^ The 
products of combustion are phosphoric oxide and sulphur dioxide. 
Chlorine converts the sulphide into phosphoric and sulphuric acids, 
while aqua regia also dissolves it. 

Cold water has no effect, but boiling v/ater slowly decomposes tlic 
sulphide into phosphoric acid and hydrogen sulphide.^ With potassium 
hydroxide solution the sulphide behaves like a mixture of sulphur and 
phosphorus, giving phosphine, hydrogen, etc., and potassium sulphide.® 

Like its constituent elements, this sulphide of ]:>hosphorus dissolves 
very freely in CSo (solubility 60 to 100 at ordinary temperatures). It 
is also moderately soluble in solvents such as benzene and toluene. 

Diphosphorus Trisulphide or Phosphorus Tctrliahexa sulphide, 
P2S3 or p4S^;. — The preparation of a compound of this composition by 
heating the constituent elements in the correct proportions was reported 
by the earlier workers.'^ It was described as a yellowish-white sub- 
stance which could be obtained as a sublimate^ and purified by sub- 
limation.^^ It gave a vapour the density of which corresponded to 
1^48(5.^^ When hydrogen sulphide is caused to react with phos])horus 
trihalidcs the solid remaining has the composition 

The substance melted at 290° C.,® 296° It sublimed between 

490° and 550° C. It did not fume or glow in the air, but in other 
res})ccts its chemical properties resembled those of P4S3. 

Tetraphosphorus Heptasulphide or Phosphorus Tetritahepta- 
sulphide, P4S7. — This compound was first obtained during the distilla- 
tion of 1^48(5 in a vacuum, and was seixirated by heating under pressure 

Loo. oil. “ Rets, Arninlen^ ISSS, 246, 365; Giran, Inc. cit. 

^ Leinoin(-\, Joe. oil. ^ Mai and Sclieffcr, Joe. cit. ^ Stock and Rudolph, luc. cii. 

ScharfT, Ceber das Leiichten dr-s Phosphors und eiviger sci/itr Vcrbrndutigcv:p Mar- 
burp, I(K)7. 

" Lomoine, Isambert, loc. cit. 

^ Lemoino, loc. at.-, Stock and Rudolph, Zoc. cit. 

® Rerzeliiis, Annul en, 1843, 47, 120, 255. 

Krafi't and Xcumann, Bor., 1901, 34, 567. Isambert, loc. cit. 

Seriillas, Ann. Chirn. Phys., 1829, [2], 42, 33; Gdadstone, fdiil. Mag., 1849, [3], 
35, 345; Ouvrard, Ann. Chirn. Phys., 1894, [7], 2, 221. For other methods, sec also 
Sprinirer, Pharrn. Zoiiu/tg, 1900, 43, 164; Besson, Com-jjt. rend., 1896, 122, 467; 1890, 
123, 884; 1897, 124, 151. 

Giran. Loc. cit.. n. 187. 


Mai, loc. cit. 
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with carbon disulphide in which, as distinguished from P4S3, it was 
only sparingly soluble. In the methods of preparation which have 
been described ^ the phosphorus should be in slight excess over that 
required for P4S7. The ingrcdicrits may be heated together in. a sealed 
tube and the product recrystallised from carbon disulphide in pale 
yellow crystals. 

The melting-point was 310° C. and the boiling-point 523° C.^ A 
maximum melting-point corresponding to P4S7 was found on the 
thermal diagram of P4Sg and P4S4o-''^ The solubility in carbon di- 
sulphide was 0*0286 gram per 100 grams solvent at 17° C. 

A compound having the empirical formula PSo was said to be 
formed by heating together the elements in the proportions theoreti- 
cally required,"^ or by distillation ^ or heating with carbon disul]}hide 
in a sealed tube at 210° C.^ Other methods include the exposure to 
sunlight of P4S3 (1 part) with sulphur (2 parts) dissolved in carbon 
disulphide/ or a solution of phosphorus and sulphur with a little iodine 
in carbon disulphide. ^ Pale yellow transparent needles of the compound 
are deposited. 

The molecular weight deduced from the vapour density was P4Sg ^ 
or PgSg.^ The melting-point was 248° to 249° or 290° to 298° C.n 
The boiling-point is given as 516° to 519° 

The chemical properties are similar to those of the other sulphides 
of phosphorus, but the compound is less stable, and easily decomposes, 
giving P4S3 with separation of sulphur. 

Phosphorus Pentasulphide or Diphosjohoriis PentcmiljMde or 
Phosjjhorus TetritadecasuljDhide, Po^s or P4S10. — The methods which 
have been already described in connection with the other sulphides 
have been successfully used in the preparation of this compound froin 
the theoretical proportions of the elements : — 

(a) By fusion. This method is used in the preparation of the com- 
mercial product, which is not purc.^^ A slight excess of srd})hur should 
be used and the heating should take place in an atmosphere of COg. 
The compound may be purihed by heating in a vacuous scaled tube 
for several hours at 700° C., and then by crystallisation from carbon 
disulphide. 

{b) By heating phosphorus (20 gran\s) and sulphur (GO grams) in a 
sealed tube with iodine (0*5 gram) and carbon disidpliidc (150 c.c.) at 
211° C., followed by rccrystallisation.^^ 

(c) By the action of HoS on POClg.^® 

(d) By passing the vapour of PSCI3 through a red-hot tid)e.^^ 

Details of the preparation have been given by Stock. Pure, dry, 

^ Stock and v. Bczold, loc. c/il..; Stock and Hcrscovici, loc. cit. 

^ Stock and Hcrscovici, loc. at. 

- Stock, 1906, 39, 1967; 1909, 42, 2002. 

^ Ramme, loc. cit.; Helli', loc. cit. ^ Mai, Antuilvu., 1S91, 265, 192. 

® Seidel, '' Ueb(.T Schicefelphosphoi'verhi.ndu'/tgen, etc. A Gottingen, 1875. 

Rervin, Cor/ipt. rend., 1904, 138, 366. 

® Bonloiich, loc. at. “ Ramme, Helff, loc. cit. Seidel, loc. cit. 

Ramme, HcllT, Dervin, loc. cit. 

Recklingliaiisen, Her., 1893, 26, ]ol7. 

Kekulc, Annalen, 1854, 90, 399; Goldschmidt, Her., 1882, 15, 303; V. aiid C. 
Meyer, Bor., 1879, 12, 609; Hclll, loc. cit.’, Robs, loc. cit. 

Ramme, loc. cit. Ramme, loc. cit.; Stock and Thiel, Ber., 1905, 38, 2720. 

Besson, loc. cit. 

Baudrimont, Ann. Cliirn. Phys., 1864, [4], 2, 5. Stock, Her., 1910, 43, 1223. 
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red phosphorus (100 grains) is intimately mixed with suljihur (260 
grams). Portions of 30 to -10 grams are heated until they combine, in 
the manner described under P4S3. The product is ground up and heated 
in an evacuated and sealed glass tube to about 700° C. The contents 
arc powdered and extracted with CS2. They are rccrystalliscd twice 
from the same solvent and dried at 100° C. in a current of hydrogen. 
The yield should be about 60 per cent, of the theoretical. 

Properties. — The compound has been prepared in two forms : — 

(a) Pale yellow crystals obtained by repeated recrystallisation from 
carbon disulphide, in which the}" arc only sparingly soluble (1 in 195). 
Density 2-03. 

(h) A nearly w6iitc substance obtained by rapid condensation of the 
vapour, follow’'ed by extraction wnth carbon disulplude. This form 
was more soluble in this solvent (1 in 30), had a higher density (2-08) 
and a lower indefinite melting-point (247° to 276° C.).^ 

The melting-point of the commercial sulphide w as 255° C.- and that 
of the rccrystalliscd product 275° to 276° C.^ The melting-point wars 
raised to 284° to 291° C. by repeated recrystallisation from carbon 
disulphide.^ Boiling occurs with partial decomposition at 513° to 
515° C.^ Other values w'hich have been found are 520° C.,^ 523-6° C.® 
The sulphide distils in a w"ater-pump vacuum at 332° to 340° C., 
probably with considerable dissociation (sec “ Vapour Density 

The vapour density at temperatures slightly above the boiling- 
point corresponded to simple molecules PoS.-,.® Later investigators, 
however, found that it was slightly below' the theoretical, being 208 at 
300° C., and decreased at higher temperatures, dowm to 133 at 1000° C.^ 
The molecular w'cight in boiling carbon disulphide W'as l■82 to 491, cor- 
responding approximately to double molecules (P.iSio rccjuircs 44-l).^^ 
The compound does not glow' in air, but is highly inflammable, 
giving a mixture of the oxides. It w'as attacked only sloAvly by cold 
w'ater, but rapidly by hot w'atcr, giving phosphoric acid and hydrogen, 
sulphide. It did not form addition compounds wnth bromine or 
iodine. It was converted into PSCI3 by phosphorus pcntachloride 
and by several other acid chlorides ; — 

PoS,-(-3PCl5=5PSCl3 

PoS“ -i- 5POCI3 - 5PSCI3 -{- PoO, 

2P;S5 -r bSOClo =4PSCl3 -f-3SO. -9S 
P0S5 -fSbCl;UPSCl3 -r SbPS^ 

Ammonia, in the gaseous or liquid form, w'as readily absoi'bcd by 
the pentasulphide giving a phosphorus l.icxammonio-pcnta sulphide, 

^ Stock and Thiel, loc. cit.; Thiel, '' Zvj' Kenntnis (Ip.s .Phf.^phot'pciitasuljifh:,^,'' Berlin, 
1905. 

“ Stock and Scharfenber£r, Ber., 1908, 41, 558. 

^ Stock, loc. ciL; V. and C. Meyer, loc. cit.; Hcljr, loc. cit. 

Stock and Hcrscovici, loc. cit. ^ I.'-janOx'rl , loc. cit. 

Recklinghausen, loc. cit. See also Goldschniidt, Rc/*., 1882, 15, 503. 

" dial, loc. cit. 

s Tsambert, lc)c. cit.; Meyer, Joe. cit.; Helft, loc. cit. 

° Stock and v. .Bezold, loc. cit. 

Stock and Thiel, loc. cit. 

Kekule, loc. cit.; Stock and Hcrscovici, loc. cit. 

Hunter, Cht'iri. Neivs, 1925, 131, 38, 174. 

Carius, Amialen, 1858, 106, 331; 1859, 112, 80; Weber, J. pnibl. Ckchi.y 1859, 
[1], 77, 65; Grlatzcl, Zeitscli. aiiorg. Chein., 1893, 4, 186; 1905, 44, 65. 
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P2S5.6NH3, as well as lower ammoniates. This compound may be 
ammonium diimidopentathiopyrophosphate, S{P ( SNPI^ ) ^ ( Nil )} 

The pentasulphide dissolved slowly in cold alkalies, quickh" in hot, 
and yave salts of thiophosphoric aeid.'^ Sodium sulphide also gave a 
thiophosphate. ^ 

Uses of the Sulphides of Phosphorus. — The pentasulphide of 
phosphorus is used to replace the oxygen of organic compounds by 
sulphur : thus ethyl alcohol gives ethyl mercaptan, and acetic acid 
thioacetic acid.^ The reactions, however, are somewhat complex ; 
thus with etlmd alcohol the first product has been shown to be dicthyl- 
dithiophosphatc, SP(SH)(OEt)2, the mercaptan being produced by a 
secondary reaction.'^ Phosphorus pentasulphide, boiling under atmo- 
spheric or other definite pressure, lias been recommended for use in 
constant temperature baths in place of sulphur. The compound P4S3, 
Avhich is one of the most stable sulphides in dry air, but resembles 
phosphorus in some respects, is used as a substitute for this element in 
the manufacture of matches.® 

Phosphorus Oxysulphides. — The compound P^O^jS^ vms prepared 
by Iieating together P^Og and sulphur in an atmosphere of nitrogen 
or carbon dioxide : — 

pA + ^s=p.as4 

It appears as colourless rectangular prisms which melt at about 102° C. 
and boil at 295° C. The vapour density is 11*8 to 12-5 (air =1), which 
corresponds to the formula given. It is very easily soluble in CSo. 
In moist air it decomposes as follows : — 

P4O3S4 + CII2O = 4IIPO3 -I- tl-IoS ■ 

Another ox3^sul]ohidc, also a derivative of lUOg, was ])roduced wlicn 
II2S dissolved in POCi3 containing carbon disulphide was allowed to 
react for some weeks at 0° C. Small needle-shaped crystals having the 
composition P^OoSo then separated. They melted at about ;- 30 ()° C’.. and 
sublimed in a vacuum with decom})osition. The compound was de- 
composed by moist air with production of HoS. 

2POCI3 vSlIoS =l\OS^ -r GIICI 8 

Thiophospiiites, Tliiohypophosphates and Thiophosphates. 

Since the sulpliidcs, ox\'^sulphidcs and halosul])ludcs of ])hos])horus 
are com])letely hydrolysed by water with evolution ot ll^S, it is evident 
that the thioxvadds of phosphorus arc unstable. Various salts of 
these acids may however be prepared b\’ using alkalies or ammonia 
instead of water and bv other reactions, of which a general outline only 
is given here. 

Thiophospiiites. — These salts ma.\" be regarded as derived from 
mono-, H3PSO0, di-, II3PS0O, and tri-thio]diosphorous acids, II3PS3. 
Thc3^ were j)rcparcd, ^rith otlicr products, by heating metals with a 
mixture of sulphur and phospliorus, e.g. Ag3PS3, or metallic sulphides 

^ Stock, loc. cit. - Berzelius, loc. cit.; Stoek and Iicrsco\ ici, loc. cit. 

^ Glatzcl, loc. at. Kekule, loc. cil. 

^ Pischlschiminko, J. liias. Phys. Chern. Sor.., 1925, 57 , Ji. 

^ Sevene and Cohen, BrUtsh Paiant, 1631-1, 1S9S. 

" Thorne and Tntton, Trans. Chern. Soc.. 1891. so. 1019. 
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with phosphorus siilplhdes, e.g. CU3PS3 from Cu.^S and P2S5U When 
P4S3 was dissolved in adkalies phosphine, hydrogen and phospliorus 
were produced. By evaporation in vacuo crystals of Na2H(FS02).‘2l-Io0 
were obtained. AVith an excess of sodium hydroxide, after long 
standing, the normal salt Na.3PS02 Avas deposited. When the alkali 
Avas replaced by Na^S the eA'aporation in vacuo ga\^c XaoK(PS20).2 pioO. - 
An ammonium salt, (XH4)2lI(PSOo).Il20, has been prepared similarly 
from P4S3 and solution of ammonia after long standing at 0° C. 
Solutions of these salts gaa^e a characteristic yclloAA' to red precipitate 
Avhen mixed AAath a solution of lead acetate. When the salts Avere 
heated or their solutions Averc boiled, HoS Avas evolved and phosphites 
produced. 

Thiohypophosphates, for example tliose of copper, silA^xr and 
nickel, CauPoSg, Ag^PoSg, and Xh2p2SG5 rcspcctiAxly, have been prepared 
by heating the metals Avith phosphorus and sulphur. The ease Avith 
Avhich they are decomposed by Avater depends on the electroallinity 
of the metal. Tims the zinc salt is decomposed by boiling water, Avhile 
the nickel salt, Avhich forms grey hexagonal crystals, is scarcely aifeeted 
by Avater.^ 

Thiophosphates. — The general methods of preparation recall 
those used in the preparation of j^hosphates, sulphides beijig used in 
place of oxides, Avith protection of the product from oxidation or 
hydrolysis : — 

{a) The heating of metallic sul]Ahides Avith ]:>hosphorus penta- 
sulphide gWes the most highly thionised thio])hosphates. The poly- 
sulphides Avhicli arc formed at the same time may be removed by 
alcohol. From the solutions dithiojdiospliatcs maA' be isolated. 

3M2S 

(h) The heating of metallic cliloridcs Avith ])hosp]iorLis penta- 
sulpludes gives thiophosphates togetlicr with PSCI3. 

(c) J^y the action ol' alkalies on thiohalides. rSCl3 is the chloride 
of monothio]diosphorie acid, and Avith alkalies it gives monotlho- 
phospliatcs. 

By fusing crystalline sodium sulpliidc with ])hos{)]iorus })enta- 
sulpihdc and dissolving the product in a little watxr, crystals of tri- 
s odium tetra tin 0-0 rih opJiosyliaie we i‘c o bt a i 1 icd. 

a(Xa 2 S. 9 ll 20 ) +P 2 S 5 = 2 (Xa 3 PS 4 . 8 Ll 20 ) VllHoO 

The crystals vvx're needle-shaped or tabular, in the monoclinie system. 
The corresponding potasshun salt^ K3PS4, Avas obtained as a yelloAv 
crystalline mass by fusing KCl Avith P2b3. 

These thio})hosphaL'es arc hydrolysed in dilute solution with evolu- 
tion of IBS. They can })e dissolved unchanged in alkalies. With 
salts of the lieavy metals they give ])reeij)ita tes Avhich are dec'omposed 
on Avarming, giAung IWS. They arc easily oxidised by niirie, acid, 
potassium dichroma tc, etc.. Avith deposition of sid])hur. When fixated 

^ F(M'rancl, An 11 . Chini. Phys.^ 1899, [Tj, 17 , 388. 

“ Lotnoinc, Cuinpl. rriul.^ 1881, 93 , 489. 

Fcrraiid, loc. ('it., and Co'Jii.pL rand,, I. 8 !)G, 122 , 031 ; Lriodet, ibid., 1894, 119 ? 300. 

Cdatzel, Zcitsch. anory. Chtni., 1893, 4 , ISO; 1905, 44 , 05. 
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with solutions of sulphides, e.g. BaS, the trithiophosphates were pro- 
dueed, as represented by the equation 

2Na3PS4+3BaS+2lip=Ba3(PS30)2+3Xa2S + 2 H 0 S 

Dithiophosphates, M3(PS202), were also produeed by this reaction.^ 
Other tetrathiophosphates which have been prepared by the foregoing 
methods are CU3PS4 (CuCl and PgS^),^ Ag3PS4 (AgCl and PgSg),^ 
Hg3(PS4)2 (PIgS and P2S,), Pb3{PS4)2 (PbCl2 and P2S3), Fe3(PS4)2 
(FeS and P2S5), Ni3(PS4)2 (XiClg and P2S5). (For thiophosphates of 
As, Sb, Bi see this Volume, Part IV.^) 

The preparation of barium irii}nop)hosp)haie has been described above. 
The magnesium salt, Mg3(PS3O)2.20H2O, was prepared by the action 
of the tetrathiosodium salt on magnesium hydrosulphide. ^ The 
ammonium salt, (XH4)3(PS30).H20, was prepared by the action of 
water on ammonium imidothiophosphate (see ‘‘Ammoniates of P2S5”). 
From a solution of this compound by interaction with salts of various 
metals, e.g. CUSO4, their trithiophosphates have been prepared.^ 

Trisodium ditliiophos'phate, Xa3(PS202).llH20, has been prepared 
from P2S5 and a rather concentrated solution of sodium hydroxide. 
The solution was heated to 50 ° to 55 ° C. until the trithio-salt was 
decomposed. The salt was precipitated by alcohol, and when re- 
crystallised from water appeared as colourless six-sided prisms.^ The 
ammonium salt, (X'H4)3(PS202).2H20, was prepared similarly from 
aqueous ammonia and P2S5. From these soluble thiophosphates those 
of the heavy metals may be obtained by double decomposition.^ 

Trisodium, monothiopyliosphate was obtained from the solution of 
mixed thiophosphates by heating to 90 ° C. in order to decompose 
dithiophosphate. On cooling, the crystalline salt XA3(PS03).12Ho0 
separated in six-sided tables, melting at 60 ° C.° This salt was also 
prepared from PSCI3 as follows : — 

PSCI3 -f- eXaOFI = Xa3(PS03) -i- 3 XaCl + 3 lIoO ^ 

Ammonium dihydrornonothiojAiosphate was prepared by the hydrolysis 
of imidotrithiophosphoric acid, thus 

H3[P(NH)S3] +3H,0 = (NHJH 2 (PS 03 ) + 2 H 2 S 

The salt was repeatedly precipitated by alcohol and dissolved in water. 
A similar or identical salt having the constitution SP(OH)2(OXTU4) 
was prepared by the action of phosphorus pentasulphide on acetoxime 
in carbon disulphide solution. The part insoluble in CS2 was extracted 
with alcohol, boiled and crystallised from cold water in monoclinic 
prisms." 

From the alkali monothiophosphates those of other bases have 
been obtained by precipitation. 

A scries of jAP'otkioiohosphatcs, iM2P2S7 (in which H is a divalent 
metal), has been prepared by the methods already described.^ The 
free acids decompose immediately on liberation, but a mixture of them 

1 Ephraim and Majder, Ber., 1910, 43, 285. 2 Qiatzel, loc. cit. 

2 See also Wallsom, Chem. Xcio.s, 1928, 136, 113. 

Stock, Bcr., 1906, 39, 1967. 

^ Kubierschky, J . 'prakt. Chou., 1885, [2], 31, 93. 

^ Wurtz, Com 2 )i. rend., 1847, 24, 288. 

' Dodge, Annulen, 1891, 264, 185. 


^ Ecrrand, Joe. cit. 
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has been prepared as a yellow oil having the composition H 4 P 0 O 2 S 5 
by the action of liquid hydrogen chloride on ammonium trithio- 
piiosphate at low tcm])craturesd 

Esters of the thiophosphorie acids have been prepared, e.g. ethyl 
tetrat hiophospha t e, ( C 2 H 5 ) 3 PS 4 . “ 

The compounds containing nitrogen as Avell as sulphur are described 
in Chapter XIV., pp. 202-204. 

ThiojjJiosjohates, Detection . — Many of the reactions already de- 
scribed, such as the production of HoS and phosphoric acid when these 
salts are treated with acids, will serve to detect the thio]:>hosphates. 
The alkali and ammonium salts are soluble, the others mostly insoluble. 
Calcium, barium and strontium monothiophosphates, barium and 
strontium dithiophosphates and barium trithiophospiiatc arc insoluble, 
the other alkaline earth salts soluble. Thiophosphate solutions mixed 
with alkali sul])hides give a green colour with ferric chloride. Mono- 
thiophosphates give a blue precipitate with cobalt sulphate soluble in 
excess of the cobalt salt, dithiophos]diates a green precipitate soluble 
in excess of dithiophosphate, and trithiophosphates a brown solution. 
Several other tests have been described.^ 


Phosphorus and Selenium. 

When red phosphorus is melted with selenium in a current of 
carbon dioxide a reaction is said to occur without notable loss of 
weight. The pi’oducts are sensitive to moist air, phosphine and 
selcniurctted hydrogen being evolved. The action of concentrated 
alkalies or alkali selcnidcs gives selcnophosphatcs 

The solution of selenium in yellow phosphorus is also extremely 
sensitive to moisture, and quantities of phosphine and hydrogen 
selcnide arc evolved during the ])reparation, unless the selenium is 
dried at a temperature wliicli is high cnougli to convert the red partly 
into the black modification. The melting-point of the phosphorus is 
greatly lowered ; the solution containing phosphorus 4*4 parts and 
selenium 3-0 ]Nirts melts at -7° C. On distillation of such solutions, 
a])proximatiigg to P^Sc and PoSe, })hosphorus passes over with only 
traces of selenium. The residue, or other mixtures containing more 
selenium, when distilled in a current of carbon dioxide at a higher 
tcm]xa’ature gax’e a. distillate of oily drops wUich solidified to a red 
mass Av'hich had a composition closely approximating to P^Se^. The 
secoinl I’csidue, a black vilreous mass, distilled at a I’cd heat and had 
a])proximatcly the composition 

A com])ouiKl P^Se.j has also been prepared by warming 5-6 giuins of 
powdered selenium with 2-8 grams of yellow phosphorus in 80 c.c. of 
tetralin (tetrahydronaphthalcnc). After the reaction has begun the 
mixture is boilc-d for a long time in an atmosphere of carbon dioxide. 
The li(]uid is dccamted and immediately deposits an orange substance, 
sometimes in crystalline form (needles). Further quantities extracted 
with boiling tetralin and washed with alcohol increase the \deld to 

^ Slock, loc. elf. " Michaelis, Ativahn, IS72, 164 , 89. 

Kubicrschky, loc. elf. 

JJalin, Chevr. Zenf)., 1 8135, p. 871); J. prakl. Chem., 1864, [1], 93, 480; Miitlimann 
and Clcvo!', Zeitseh. (tuorg. Chem., JS96, 13, 17 J. 

^ Mcycj‘, Zcitsch. anorg. Chtyn.j 1902, 30 , 258. 
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S o grams. The substance may be purified by extraction with a 1 : 1 
mixture of carbon disulphide and petroleum ether. A crystalline 
deposit forms in the extraction flask. The substance melts at 242° C. 
to a dark red liquid with the formation of a slight sublimate. It is 
inflammable, and slightly decomposed by boiling water with evolution 
of the hydrides of selenium and phosphorus. It is oxidised powerfully 
b}^ cold nitric acid. The resulting solution wus used for analysis, which 
gave results agreeing fairly well with the formula P4SC3 and also with 
the analysis of IMcyer,^ being about 1 per cent, high in ]:)hosphorLis and 
1 per cent, low in selenium.'^ 

Selenophosphates. — By treating melts of the composition 
and F2Se3 with concentrated KOH greenish to colourless crystals of 
an octahedral habit are obtained having a composition correspond- 
ing to K2HPSe30 + 2iH20. When a solution of K^S is substituted 
for KOH a thioselenophosphitc is crystallised, 2K.2S.P0SC3 + oHoO. 
When XaOPI is used instead of KOH long greenish prisms of Na3PSe30 
-f-lOHyO are obtained. 

Sufphoselenides. — When the selenides of phosphorus are melted 
with sulphur, products are obtained which have the composition 
P^SSCo (m.pt. 225° to 230° C.) and P4SoSe (m.pt. 190° to 200° C.).^- 

^ Log. cit. ^ Mai, Ber., 1926, 59 , [B], 1888. ^ .Meyer, Inc. cit. 

* Note . — Compounds of phosphorus and tellurium are described in this Series, 
Vol. VII., Part II. 
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PHOSPHORUS AND NITROGEN. 

A-MTDO-piiosPiroKor/s and -})liosphoric acids are prepared by tlic action 
of dry animonia on the anhydrous oxides or oxylialides such as phos- 
phoryl chlorides. The iniido-dcrivatives, in which =NH rc])laces =0, 
can often ])C obtained froni the aniidO'-derivati\'es by heating. Other 
methods ai’c the hydrolysis of amido-esters and of ]:>}ios]:>horus chloro- 
nitrides {q.i:.). 


Amido-dericedwes of Fhosjyhorous and Orthoq')hos'phoric Acids. 

Diamidophosphorous Acid, (NH2)2pOH, was made, together with 
diammonium pliosphite, by the action of ammonia on phosphorous 
oxide dissolvecl in ether or benzene : — 

-8NH3 ^-^;i(Nno)oPOH -r (XH,0)2P0H ^ 

It is a white solid, which can be melted and siddiincd with some decom- 
])osition, and combines with water, evolving much heat. It was 
hydrolysed by hydrochloric acid giving ])]ios])horous acid, which was 
decomposed into phosphine and ])hosphori(* acid. 

Phosphorus Triamide, P(NHo); 5, formed by the 

action of dry ammonia, on ph()S])lK)rus tribromide at -70° C. It was 
a yelloAV solid which deeom])osetl at 0° giving a l)rown substance, 
diphosjdiorus Iriimide, P.2(i\MI)3, and was further decomposed on 
furlhei* hc'ad'ing into pliospliorus, nitrogxm and ammonia.- 

Monamidophosphoric Acid, NIl2pO(On)o, has been obtained 
by scvca-al ]’('a,elions, among which arc the hydrolysis of diphenyl 
amidopliosphatc by means of alkali, thus 

Nn.,PO(OC,Il 3)2 n-*2Na()H = NILP0(0H)2 ^ 2 CeIl 30 Xa 

and the action oi‘ nitrous acid on diamido])hosphoric acid. The sodium 
salt (wliich results in the former method) may be converted into the 
lead salt, which may then be deconp^osed by hydrogen sul})hide at 
0° C. The acid is ])reeipitated from the filti-ate by alcohol in the form 
of tabula.!' oi' cubic crystals. It is very soluble in watca', has a sweetish 
taste, and is hvdrolyscd after long standing at room tcm})erature or 
rapidly in hot solution, into ammonium dihydrogen ])hosphatc, thus 

ATl2lT)(OIi)2 -tlloO ==NH,OPO(OII)o " 


^ '.riioi'po atuL 'tut, Lon, I'ntii-:. aiijiii Xor., .I 8 UI, 59 , 1027. 

“ lluuot, Comiil. rend., laOo, 141, 12o.). 

3 -I (a.crn .1 I Ktia T c PIS - IS!)4 P>:P 140: 1898.20.740. 
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Ammonium and hydroxylamine salts of this acid furnish interesting 
examples of isomerism. Thus, ammonium hydrogen amido])hosphate, 
NHoPO(OPI)OXH 4 (prepared by double decomposition between the 
silver salt and ammonium sulphide, with subsequent preci]3itation 
with alcohol as needle-shaped crystals), is isomeric with hydrazine 
]3hosphite, X0H4.H.3PO3, while hydroxylamine amidophospliate, 
XHP>PO (OH) (0^X113611), is isomeric with hvdrazine phosphate, 
Xji^.HoPO^.i 

The mono- and di-sodium salts and the corresponding potassium 
salts have also been prepared. The salt XHoPO(OH)(OK) was ob- 
tained by hydrolysing diphenylamidophosphate with a boiling solution 
of KOH, acidifying the cold solution with acetic acid and washing the 
p]'cci])itate with alcohol. It forms rhombohedral crystals which are 
very soluble in water. The solution is neutral and is gradually hydro- 
lysed on standing. Lithium, silver and lead amidophosphates were 
preci])itated by adding salts of these metals to alkali amidoj^hosphates. 

Diamidophosphoric Acid, (XH2)2PO(OH), is capable of giving 
salts of a tribasic acid, such as (XH2)2P(Hf'^)2(^-^&)- Silver salts have 
been ])repared in which hydrogen of the amido-group is replaced by silver, 
yielding ultimately the dark brown explosive (XHAg)2 F{OAg).^.^ 

The free acid was prepared by hydrolysing the compound 
(XH2)2PO(OC(3H5) obtained from Cl2Pb(OC6l-l5) and aqueous ammonia, 
thus 

C],PO(OC,H,) — - (XHo),PO(OCeH5) — (XH,)2PO(OH) + CJ-I^OH 

Triamidophosphoric Acid or Phosphor ijl Triam/ide, PO(XH-l2)3, 
was pre])ared by passing dry ammonia into dry phosphoryl chloride. 
After washing out the ammonium chloride, an insoluble white powder 
was left, which was scarcely affected by dilute acids or alkalies, Imt 
was decom]oosed by fusion with potash.^ 

The ]n’cparation of this compound has not been confirmed by otlicr 
investigators/^ 

The products of further licating of the amides are dcscril)cd 
on p. 202. 


Aniido- and I mido- derivatives of Metaphosphoric yield. 

In metaphosphoric acid, 0 (P 0 ) 0 H, or its polymci's such as dimeta- 

phosplioric acid, HO(PO)q b(PO)OII, the hvdroxvl mav be re])laccd 

Xq/ 


by -XIIo, and the =^0 by =X1I, giving amidometapliosplioric, acids 
and i mido metaphosphoric or nietajohosphunic acids. 

The action of ammonia on phosphorus pentoxide at low tcm])cra- 
turcs yielded a substance, or mixture, which was easily soluble in water 
and in alcoliol. 

The ('omposition of the product corres])ondcd to the formula 
XH(PO)On, wliich may be regarded as derived from (XIl2)oPO(OII ) 
by loss of ammonia. It may also be represented as ])hosphoryl 


^ SUjkes, 1(jC. at \ .S;il>an(.‘(‘ir, TjtiUch. (inorg. Ch()n., 1898, 17 , ISl). 

- Stokt.'s, Ujc. at. 

ScliilT, Aiinaltn., IS/)?, loi, 291); 103 , 168. 

- 8 tokcs, 1(jc. at.', Gladstone, J. Chan. Soc., 1S50, 2 , 121; ibid., ISoJ, 3 , 13/), 353; 
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InHroxylamine, (PO)XPIOITH The soluble salts gave precipitates with 
salts of the heavy raetals.^ 

When the products of the action of ammonia on phosphorus penta- 
chloride (g.t;.) ^vere well washed, the residue was found to have the 
empirical composition of a phosphoryl imidoamide, XH(PO)NIT 2 , of 
which it is probably a polymer.^ On heating this compound, or other 
amides of phosphoric acid, ammonia is lost and pJiosplionitril, PXO, 
is left, thus 

XH(P0)XH2 =PNO +NH3 ^ 


This is a white powder which fuses at a red heat giving a black glass. 
It is not affected by aqueous acids and. alkalies, nor even by hot nitric 
acid, but may be hydrolysed by fusion with caustic alkalies. On 
account of these properties it is represented as a ]mlymer (PXO);^ of 
high molecular weight and probably cyclic structure (see below ).° 

POOPI 


Dimetaphosphimic Acid, [IIO(XH) = P = 0]2 or HX<(^ ^XPI, 


POOH 


Avas considered to be identical with the diamide of pyrophosphoric 
acid, O = [(P 0 ) 0 H.N’H 2 ] 2 , and both formulae have been assigned to the 
product of the action of ammonium carbamate on POCl 3 .‘^ 

Trimetaphosphimic Acid, [XH(POOPI)] 3 , was obtained b}^ the 
action of water on a sodium acetate etheneal solution of P 3 X 3 CI 3 
p. 205). The acid Avas soluble in Avater, and Avas obtained as a colloidal 
substance on evaporation. It gave a series of salts. The trisodium 
salt, Xa 3 lT 3 P 3 N' 30 ( 5 .in 20 , crystallised in rhombic prisms bcloAv 80° C., 
AA'hilst above 80° C. a monohydrate Avas formed. The trisilver salt 
Avas precipitated in ])latcs Avhen silver nitrate Avas added to a nitric 
acid solution of the sodium salt. A hexasihmr salt, Ag,;P 3 X;> 0 (j, Avas 
throAvn doAvn as a Avhite precipitate Avhen an excess of ammoniacal 
sih'cr nitrate aa'us added to a solution of the trisodium trimetaphos- 
phimate. On heating or long standing in solution, es])ccially in the 
]U’cscnce of strong acids, the metaphosphimates arc hydrolysed into 
ammonii,im salts and ])hosphoric acid. Several cyclic structures are 
possible for the acids ; the mctaphosphimic ring contains the 
radicals — XU — PO(On) — , the nitrilophosphoric ring the radicals 
— X = P — ( 0 IT) 2 — . On the former hypothesis, di- and tri-meta- 

phosphimic acids arc : — 

PO(OII) 


PO(OII) 

HX<^ and 

PO(OH) 


HX XII 

I i 

(liO)OP PO(OH) 


rcspectiAmly. 


XH 


’ Gladstone and Molauis, Trans. Clunn.. Sac., 1SC4, 17, 225; ISGG, 19, 1; ISG8, 21 , 
G4; Ilente, A'/inalen, 1888,248, 232. 

- SchitV, IcjC. cif. 

3 Gerhardt, Avu. Chun. Thys., 184G, iG!, 18, 188, 204; 1847, [3], 20, 255. 

^ Gcrliardt, loc. cit.; Gladstone, Tra.ns. Chtrn. Soc., 1850, 3, 121: Gchill, loc. cif. 

^ Gdadsionc. T ra/us. Chcni. Soc.. 1850. 121: ISGO, 22, 15: Gladstone and Holmes. 
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Tetrametaphospbimic Acid, which was prepared by the hydro- 
lysis oC P 4 N 4 CIS, ina}^ be regarded as constituted in a similar manner, 
forming an eight-membercd ring. It crystallised in needles containing 
two nmleculcs of water, P 4 X 4 Hj^ 08 . 2 H 20 , and was only slightly soluble 
in water, still less so in acids. The solubility in 10 per cent, acetic acid 
was about 0*5 gram in 100 grams solvent. 

This acid is .more stable towards hydrolysing agents than the other 
mctaphosphimic acids, and even resists the action of hot nitric acid 
and aqua regia. There are two series of salts derived from a di- and a 
tetra-basic acid respectively. Thus the dipotassium salt, KgHoP^X^Og, 
which forms prismatic crystals, on treatment with excess of potassium 
hydroxide gives the tetrapotassium salt, K^H^P^X^O^, which forms 
s])aringX soluble tabular crystals. Ammonium and sodium salts have 
also been prepared. The tetra-argcntic salt, Ag4H4P4X408, was formed 
as a V'hite precipitate on mixing silver nitrate with the acid, and the 
octo-salt, AggP 4 X 408 , as a yellow prcci]:;itatc from ammoniacal silv er 
nitrate and ammonium tctraphosphimatc. 

Fentametaphospbimic Acid and Hexametaphosphimic Acid 
were similarly obtained by hydrolysis in ethereal solution of the corre- 
sponding nitrilo-chlorides. Like the lower polymers they gave crystal- 
line sodium salts containing water of crystallisation, and anhydrous 
penta- and hexa-siiver salts by the use of ammoniacal silver nitrate. 
The free acids can be regenerated by the action of IIoS on the silver 
salts. The acids are more stable towards hydrolysing agents than is 
trim e t a h o s } d 1 i m i c a ci d . 

These acids may be regarded as the lactams of amido])olyiniido- 
phos]:)horic acids, and the first stage in the hydrolysis probably consists 
in the formation of these open-chain acids, thus 

[nx(PO)oii],,, -i-iioO =iLX{iix(PO)onj, ,(po)(oti)o 

The liydj’olysis of ]ieptaphos])lioius c.hloronitridc appetars to yield at 
once tin; hydrated oj)cn-cliain com])onnd of the type shown on the 
right-haiul side of tlic abov(^ equation, in whicth )i is 7. nc])taso(lium 
and hc|)tasil\xn' salts of this acid have been prepared.' 


ybnides and hnidcs of Condensed ]^Jios])horie. Acids, 

These mav i)e rega.rdcal as dca-iv'ativcs of diphos])horic acid (pvro- 

/PO(()II)o 

phosj^hoiic), tri- and tctra-})hosj)horic acids, (‘Ic., i.e. Of , 

\p()(on)2 

etc., bv the substitution of ^-Xll i'or r_v-_() or of -XHo for liydroxvd 


in these oj)cn-cluiin compounds. The* possibilitie^s of isomerism arc 
cv'idently v'C'i’v nunu'rous, since cither the* amide)- e)r t he* imide)- re])lae‘e- 
ment give*s tlie same* empirie’a! i‘e)rmula. The* gcne‘ra.1 nu'tluxl e)f ])re- 
])arati()n consists (a) in tlie* hydre)lysis e)f the* me*laphe)splumic acids 
already (ic‘se*ri!)e‘el, e)r (h) in lu'ating, e)r frae'l ionahy j)re‘e-ij)ital ing with 
aletoliol, the* prodiie*ts e)f tlie re-ae‘tie)ns be't.we'cn POCh, aiiel XII 3 . 

Aloiiamidodiphosphoric Acid, (Xlio)P 20 .,(()li). 5 , w'as made! by 
several relictions, anu)ngst wdiich wcrei the hydrolysis o(‘ a solid ie)n of 


dianiielexhpliosplioric aciel {qro. 


as bai'ium salt 


saturati 


’ Stokes, Ch.cm. J., jsa.a, 15 , IDS; ism, 16 , J2;t I-IO; ISDo, 17 , 27“); ]89fJ, 

18 , 021); 1898, 20, 7-10; Ziil'icli. ano/y. Chttn., 1899, 19 , 42. 
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solution of pyrophosphoric acid with ammonia and adding Ba(OH)o. 
Tiic trisilver sale was obtained as a white precipitate. 

Diamidodipliosplioric Acid was prepared by the action of 
phosphoryl chloride at low temperatures on ammonia in the presence 
of some Avater, thus 

2NH3 -r2POCl3 + 3 HoO ^6HC1 -r (XKo)oP 203(011)2 

It may also be obtained by several other reactions. The diammonium 
salt has been prepared in the crystalline state and various other salts 
as prcci])itates.^ 

Triamidodiphosphoric Acid, (NITo)3P203(OH), was prepared 
by similar reactions. It formed a scries of salts in which it was mono- 
basic. Put in addition to the white monosilver salt, (NH2)3Po03(0Ag), 
an orange-coloured trisilver salt was pre])ared from amrnoniacal silver 
nitrate, to which the constitution NIl2(NHAg)2P203(0Ag) was 
assigned.^ 

Amido- and imido- derivatives of condensed phosphoric acid of still 
higher molecular weight have been prepared in great variety by 
Gladstone, and by Stokes. For cxam]3le, monoimidotetrainido- 
tetraphosphoric acid, N'T! =P40y(NK2)4, has been obtained by 
heating the product of general reaction (b) (p. 200) to about 200° C.,“ 
while tetramidotetraphosphoric acid, (1I0)2P407(XH2)4, ^vas ob- 
tained by hydrolysing ammonium diamidotetraphosphate either with 
acids or with alkalies, thus 

(Xn2)oP4O7(0]I)(0XH4)3 + IICl = (XH2).4PA(0H)2-rXII,Cl-{-2H20 2 

The structures assigned were 



0< 

0< 

0 < 


TO(XIl2)2 

>po(on) 

)PO(OH) 


\PO(XH2). 


Many other derivatives have been obtained.^ Their general properties 
have already been indicated. 

The iiTiidodipliosphoric acids arc isomeric with amidodiphosphoric 
acids. Aionimidodiphosphoric acid, 

PO(OH) 


IIX ^|P0{01I)2]2, or Od hXII 


PO(OIl) 


was pre])ared by heating trimetaphosphimic acid,^ dissolving in aqueous 
ammonia, and adding a salt ol‘ magnesium, which ])rceipitatcd mag- 
nesium ortho- and pyro-])hos])had:es, leaving a soluble magnesium salt 
wdiich on tia-atinc'ut witli amnioi'iiacal silver nitrate gave a crystal- 
line preei])itatc of Nil -Mk202(0Ag) 3011. This, when treated with 
sodium eliloride, gave a' soluble non-crystallisablc trisodium salt. 
A tetrasilver salt lias also been prepared in two modifications— as a 


“ Gladstone, loc. oil. ^ Stokes, loc. cit. 


^ Gladstone and Holmes, loc. oit. 
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voluminous white precipitate which on boiling passes into a yellow 
form. These may have the imido- and the amido-structures (see 
p. 200) respectively.’ 

A dibasic imidodiphosphoric acid, which can be regarded as 
derived from the last-mentioned compound by the loss of the elements 
of water, was ])rcpared by warming to about 50"^ C. a solution of 
4 grams ammonium carbamate in 10 grams of phosphoryl chloride.^ 
Thus 

SNHoCOONH, + 4 POCI 3 =2NH(POClo)o + 3 CO 2 ^4XH4C1 
NII(POC1o)2 + 311.0 NH(POOIT).b ^ 4HC1 


The barium or ferric salt may be precipitated, and from the former the 
free acid may be regenerated. Other derivatives were prepared by 
similar reactions.^ 


A" itriloj) hosp horic A c i ds . 

These compounds, in wliich tri valent nitrogen bridges phosphoryl 
radicals, are obtained by heating amido-compounds, with loss of 
ammonia. The polymerised [NPO].^, phosphonitril, has been referred 
to already (p. 199). 

The potassium salt of nitrilodiphosphoric acid, 


PO 

\o 

A\ ^O 

PO(OH) 


was obtained by heating potassium triamiclodiphosphate, the ammonium 
salt by heating triamidodi]dios]Dhoric acid, and the silver salt by inter- 
action betwuen silver nitrate and a suspension ot the s]:)aringly "soluble 
potassium salt in water. ^ 

Nitrilotrimetaphosphoric acid is said to be formed by heating 
crude imidodi])hosphoric acid to 290'^- 300'' C., waslimg out am- 
monium chloride, dissolving tlie residue in ammonia, attidifying and 
filtering olf the white ])rccipitate. The solution contained this acid, 

POOIL 

y >0 

x-pocy 

\ /O 

POOIF 


which yielded a crystalline sodium salt.- 


Aviido-, Imido- and Nitrilo-tlnophosphoric Acids. 

These compounds arc made by the api)lieation of a few general 
methods : — 

(1) By the action of ammonia on t]iio])hosj)horyl halides. 

(2) By the action of ammonia on sul])hidcs of ])hosph()rus. 

(3) By heating aminoniuin chloride with sulphicky ol' [)hosphorus. 

Monothioamidophosphoric Acids. - These are derivatives of 
SP( 0 H )3 in which the hvdroxvl groups arc succcssivelv replaced bv 
-NHo. 


^ Stokes, loo. cit. 


^ Hente, loo. cit. 


^ Gladstone and Holmes, loc. cit. 
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The monamide, SP(NH2)(OH)2, was prepared from aqueous 
ammonia and PSCI3. The solution, which contained XH^Cl, gave 
precipitates with salts of cadmium and lead. The salts of the alkaline 
earth metals were soluble.^ 

The diamide, SP(XIl2)20H, was obtained by the action of gaseous 
ammonia on PSCI3.1 It was also prepared by the action of ammonia 
on PSP 3.^ In both cases the product was digested with water. 
Hydrolysis proceeded according to the equation 

sp (xpi o ) 2r -i- H2O - sp (XPI2) 2OH HP 

Tiie solution contained a new acid radical, which gave precipitates with 
salts of mercury, co])])cr, silver and lead. The product derived from 
PSCI3, but not that dej'ivcd from PSF3, gave precipitates also with, salts 
of zinc and cadmium. Xo precipitates were obtained with salts of 
barium and calcium. 

The triamide, SP(XHo)3, was prepared by saturating PSCI3 with 
ammonia. It was a white solid of density 1 - 7 . When heated it 
dissociated into ammonium sulphide and sul23hur, leaving phos2)horus 
in the residue, ])robably as phos2)ham,” and was decomposed by warm 
water giving IIoS and ammonium thiophosphate.^ It was only slightly 
soluble in alcohol or carbon disuljohide. 

Thiophosphoryl Nitride or Nitrilomonothiophosphoric Acid, 
SPX, was obtained by gradually heating together, from 180 ° to 328 ° C., 
P0S5 and X^'H^Cl in the quantities required by the equation 

P.2S3 -r 2XH4CI = 2SPX -f 2 HC 1 -f 3 HoS 

It resulted also on heating amido- and imido-thiophosphates in a 
\'aeuum. It ^v'as a white ])owder, fairly stable to aqueous reagents, 
but hydrolysed by water at 140 ° C., thus 

SPX -i- HHO ^HsPO^ -i- I-I.S V XH3 
On strong heating it gave Ib^X^g 

Di- and Tri-imido- and -amido -thiophosphates. — A great 
variety of these compounds, chiefly in the form of their ammonium 
salts, was obtained by the action of ammonia, usually in the liquid 
form, on phosphorus peutasulphide.^ Some of the ammonia could be 
driven olT by heating under reduced pressure, leaving the acid salts. 

Gaseous ammonia at ordinary temperatures reacted Avith phos- 
])horus ]x-ntasul})hide giving a hexammoniate, P2S3.OXIT3, and perhaps a 
heptammoniate, PoS^.TXHy. The former may rearrange itself so as to 
give tetrammonium dii.mido})entathiodiphosphatc : — 

XH XII 

! il 

(XIT,S)2 =P— S— P = (SNHJo 

The addition of another molecule of ammonia, either by means of 
liquid ammonia or by saturating with the gas, yields a substance having 

Glad.stoiie and Holnics, loc. at. 

~ Idiot'po and Rodper, Trans. Chem. Soc., 1889, 55 , 320. 

^ vSclidi, Aunaltii, 1857, loi, 303; Chevrier, Conipt. rend., ] 8 (iS, 66 , 748. 

Stock and Hofmann, Ber., 1903, 36 , 314, 898: Stock, Hofmann, Huller, a*. Sclidnthan 
and Kuchlcr, Ber., 1900, 39 , 1967. See aRo Glatzcl, loc. clt. 

^ Stock and co-workers, loc. clt. 
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the einpirical composition of the hcptammoniate, which, however, may 
consist of equal mots of (a) diammoniiim nitrilodithiophosphate, 
X = P(SNIij)o, and {h) triaimmonium imidotrithiophosphate, 
HX = P(SNHJ3. On t3*eatincnt with, liquid ammonia the nitrilo- 
compound dissolved and could be obtained by evaporatino- the solvent, 
wdiiJc the imido-com])ound, being sparingly soluble, crystallised. The 
nitrilo-compound lost one or more molecules of ammonia when heated 
in a vacuum. When treated with KOII or XaOH it gave hydrated 
dipotassium or disodium compounds as oils, the latter of which could 
be made to crystallise. Cha.raet eristic insoluble salts were those of 
lead (yellow) and of barium (white). The imido - compound, 
HX =P(SXIl4)3, was a wlute crystalline substance which deliquesced 
in moist air and gradually lost ammonia. It was insoluble in all 
ordinarv solvents. It was hvdrolvscd slowlv bv water and smelt of 
PI 2S. It lost one .molc^crdc 01 XIjL3 wiien waimcci to «j)0 C. . in a \'acuuin. 
By heating at gradually increasing tem])eratures from 00" to 180" C. 
n an atmosplicre of Il2S it was transformed into the free aeid. 

Imidotrithiophosphoric Acid, 1IX^P(SII)3, ]U’C])ared as above, 
was a yellow' liquid having a density of 1 - 78 , and like its ammonium 
salt, v/as insoluble in all the solvents which Avcrc tric'd. It w'as dis- 
sociated only at a high tem})eraturc, hut wnis partly hydrolysed by 
water, thus 

IIX == P(SII)3 -i- dll.p = OP(On)o(SXIPJ 211.8 

With liquid hvdrogen eliloride this acid formed the addition [iroduet 

I-IX=:P(SH)3.I-IC1. 

PJ/os-jj/torus II alonUrldcs or Am ldoIi(di(lc.^\ 

Thcaetion of ammonia on {iliosjiliorus lialidc's gpu's c'itlicr ammoniates 
or, by elimination of all liydrogen as ammonium cliloridc', lialonitridcs. 
The a.midcs, which should be foi'med as intcamu'diatc^ products, seem 
to be dillicult to isolate from t]u‘ true' lialidc's, adth.ough tiic' oxyhalidc'S 
(p. 109) and tliiohalides (]>. 118) I'C'jidily yic'ld such compounds. 

Exceptionally, phosphorus diamidotritluoridc, PF-dXiL)., ^vas 
prepared as a white mass by tlic^ I’ollowing reaction : -- 

IW3CP -i- I XII3 iH\,(XIU)2 2X113(1 ^ 

Chloroiiitrides - d t >Vcis sliown hv idc^big in 182/2 that whc'ii P( l.- 
was ti’catcd witli di'y ammonia, and iiic' product lu'atcd, a. white stable 
su])limatc was ohtainc'd. The* c'lnpirical formula, PX( l^ was :issigncd 
to this sulostancct by Laurent, wliilc' (dadstonc' a?u} Holmes oii ac'count 
of its high vapour dc'iisity rc'prc'scadcd it as (!W( l^).,." 

Prej)arotion . - -FaIUo] mols of P(1r, and XHjd ma}' bc' h.ca.tc'd to 
150^ C'. in a, scaled tnl)C which is opciu'd occasionally to pc'rinit the: 
:'scaj)c of liych'ogC'U chloride fornu-d accofding to tlu' ('(|uation 

--r ■ !/HId 

Phe product was cxtraclc'd with petroleum ('} lu'r and tlu' insolnI)lc 
)art distilled u]) to nc'arly a i-cd h.cat. The* distillate', attc'r wmshing 

Poulcfic;, Cojfijjf. rc;t.(L, ism , 1 13, TU. 

- .Liebio-, Aiu/nhf/, ISUg ii, 1,39; Laiin^ni, ('(rmpL rend., IS/I), 31 , a.K); ( i lad.^LoTie 
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with hot water, was redistilled under reduced pressure, and yielded 
the fractions described below. ^ Alternatively, 120 to 130 grams of 
ammonium chloride may be added to TOO grams of phosphorus penta- 
chloridc dissolved in a litre of y{/7?z-tctraciiloroe thane, and the mixture 
boiled under a reflux co]Klcnscr guarded by a calcium chloride drying 
tube until hydrogen chloride is no longer evolved. This requires about 
20 hours. The ammonium chloride is fdtered off and the solvent dis- 
tilled away in a water-pump ■\'aeuum. The residue, about 220 grams 
of a pasty material, is freed from oil by suction and by v- ashing 
with benzene at 0° C. This leaves about 100 grams of a crystalline 
poAvder Avhich is rccrystallised from benzene and fractionated at a Ioav 
pressure. The fractioiis ma}^ be rccrystallised from benzene. 

When the ]mAAxler is heated above 255° C. it changes to a colourless 
trans])aTent solid, Avhile at 350° C. there is produced a colourless elastic 
mass AAdiich rcscinbles rubber in appearance and in its property of 
SANuliing when placed in benzene.- 


MELTING- AND BOILING-POINTS OF THE PHOSPHORUS 
CHLORONITRIDES OR PHOSPHONITRILIC CHLORIDES. 


Formula. 

(PNCb )3 


(PNClo), 

(PXCl,), 

Tlelting-pojnt, *^ 0 . 

114 

123-5 

41 

91 i 

Boiling-point (13 mm.), ° C. . 

127 

188 

224 

202 ; 

: Boiling-point (7C0 nmn), “ C. . 

25()-5 ' 

328-5 

Polyinei'iscs 

Polymerises 


Triphosphonitriiic Chloride, P3N3C4, forms large rhombic 
crystals of density U98. Its properties arc typical of those found in 
the scries. It is easily sohd)lc in the usual organic; solvents, also in 
glacial acc'tic acid and sulphuric; acid, undergoing reaction with the hitter. 
It also reacts with many organic compounds containing hydroxyl 
grou])s — alc’ohols, phenols, etc. Aniline Avhen added to the benzene 
solution gave a diamlide, N P(NIl.C3dl5)2. Ammonia Avhen passed 
into a solution of Id-AbjCl^. in carbon tetrachloride gaAU needles of a 
chloroamide, ])ossibly 1^3N.jCl4(NIIo)2, Aviiich Avas insoluble in organic 
sohunts. I/K]uici ammonia ga\e a Avliite solid hexamide, P 
Hydrolysis proceeds aaTicu an c;thc;r solution is shaken AA'ith Avatcr, 
Avith ])roduction lirst of P..N 3 CLj(OII )o, then of trimctaphosphimic 
acid, 1 NH(POOIl)J;> and llCl, and finally ammonium phosphate. 

Tetraphosphonitrilic Chloride, P^X^Clg, forms colourless prisms, 
density 2-18. The molar A\eight Avas dcderminccl by va.])our density 
and (Icprc'ssion of the frcezing-])oint of benzene. Solubility relations 
arc similar to those of the tri]Aolymer. An octoanHule, {NP(NHC, 5115)214, 
has been prepared.'^ Like the trini trilie chloi'idc it Avas scarcely 
affected by Avatcr alone, but an ether solution gave first an hydroxy- 
chloi’ide and then tctramctapliosplumic acid, [Nii(P 00 H)J 4 . 2 ll 20 . 

^ Sn>k<‘s, A w.rr. CIk'-tu. J., 1805, 17 , 275; 1807, 19 , 782. 

- 8 cIiejiok and Itoincr, Btr., 1024, 57 , B, 1343. 

Besson and Rosset, Canvpt. revd., 1900, 143 , 37. 
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Peiitaphcsphonitrilic Chloride, P5X5CI10, was also crystalline. 
The formula was established by analysis, and by molar weight in 
boiling benzene. The chloride was hydrolysed in ether solution giving 
pentametapliosphiniic acid. 

Hexaphosphonitrilic Chloride, PgXgCljo? forms long prismatic 
crystals. The formula was established by the methods used in the 
case of P5X5CI10. Hydrolysis takes place rather more readily, since 
hydrochloric acid is evolved when the chloride is kept in moist air. 
Hydrolysis in ether solution gave hexametaphosplumic acid. 

" Heptaphosphonitrilic Chloride, P-X^Cl^^^, was a liquid which, 
after solidifying, melted at - 18 ^ C. ; otherwise its properties were 
similar to those of the other chloronitricles. 

When strongly heated these compounds leave an inert residue of 
XPO {eye., p. 199 ^ 

Bromonitrides or Nitrilic Bromides. — These compounds have 
formuhe similar to those of the chloronitrides, i.e, (PXErg),^, and were 
prepared by analogous reactions, i.e. by the action of ammonia on 
phosphorus pentabromide. 

Triphosphonitrilic Bromide, (PXBr2)3, formed rhombohcdral 
crystals which melted at 188 ° to 190 ° C., w'cre insoluble in water but 
soluble in organic solvents.^ 


Structure of Halonitrides. — On account of their stability towards 
heat and hydrolysing agents, as well as the requirements of valency, 
cyclic formuhe have been assigned to the halonitrides hi which the 
rings are composed either of >X — PCU or of and .>PCl2 alternately. “ 
Thus the tri-compounds may be represented by 


(a) Cl oP— X X— PCI o 

■ w 

N 

rci^ 


(0 PCI 2 


or 

X 

X 

1 


ChP 

I 

PCI 


\/ 

X 


It has been su])poscd that the angle of least strain of the rings or 
polyhedra is 185 °, which is jnost closely realised in the tcd.ra-eom]X)und, 
which is also the most stable of the sei’ics. ddie sti-ucture assigned 
will determine that of the eorres]:)onding metaphosphiinic add winch 
is produced by hydrolysis. DimetaplK)s])himic‘. acid, if its (‘xistenee is 
admitted, could not be cyclic, according to (brmula, (n). Formula (b) 
is adopted in describing these compounds. 


Phosphorus N^itride or Triphosphorus Pentanitride, IhjXr^. — 
A eom)X)und which a])pcars to have this composition has been obtained 
by several nuthcxls : — 

(a) By passing the vapour of ]ihosphorus pentachloridc in a current 
of nitrogen over heated magnesium nitride.'^ 

^ l^cssoi), Co7rrj)l. rc.n.d., 181)2, 114 , 12(34, MSO. 

^ Wiclielhaus, Bvr., 1870, 3 , 1(32; Stokes, loc.. rit. 
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(5) The black substance produced by the reaction between liquid 
ammonia and phosphorus in a sealed tube gave an anabasis 
which agreed fairly well with the foregoing composition^ 

(c) By saturating the pentasulphidc, P 2 S 5 , with pure dry ammonia 
at ordinary temperatures, and heating the product in a current 
of ammonia at 850° C.- 

The product is described as a powder, white to dark red in colour 
according to the time of heating at 250° C. The density was 2-5. 
The nitride was tasteless, odourless, and chemically inactive at ordinary 
temperatures. The heat of formation (from white phosphorus) is 
given as -81*5 Cals, per moh^ The molar heat of combustion was 
474*7 Cals, (at constant pressure). The nitride dissociated into its 
elements in a vacuum at about 760° C.^ It was reduced to phosphorus 
and ammonia by hydrogen at a red heat, and burned when heated in 
oxygen or chlorine. It was hydrolysed by boiling water, thus 

P3X, ^ 1 2H0O ^ 3H3PO4 ^ 5XH3 

It acted as a reducing agent on metallic oxides and was decomposed 
by many metals from 80° C. upwards, giving phosphides of the metals. 

Stock and Johansen, Ber., 1908, 41, 1593. 

“ Stock and Hofmann, Bcr., 1903, 36, 314; Stock and Griinehcrg, ibid., 1007, 40, 2573. 

^ Stock and "Wrede, Ber., J907, 40, 2025. 

Stock and Griineberg, loc. cit. 
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PHOSPHATIG FERTILISERS. 

OCCUKRCXCE AND CIRCULATION OF PlIOSPHORUS. 

Mineral Fhospliates. — Practically all the phosphorus in the ten- 
mile crust of the earth is present in the lithosphere, of ^vhich it forms 
0*157 per cent.,^ and is combined as phosphates of many bases. Com- 
pared with other acidic and basic oxides phosphoric anhydride is 
cIcA'cnth ill order of abundance, falling immediately below titania 
(1-050 per cent.) and above carbonic anhydride (()*K)1 per cent.). 
On (.h(i average igneous rocks contain 0*299 per cent, of phosphoric 
anhydride, which is greater than the percentage in sedimentary rocks 
generally, and about three times the proportion found in average 
linu'stoiK'S. The mineral apatite, which is widely diffused in the deep- 
scad. cal igncaius rocks, is only slowly attacked by atmosplierict v'cathering, 
in th(‘ courses oL‘ ages it and other ]ihos])hatic igneous ror'ks gradually 
dissoh’t! as pliosphates of calcium, iron and aluminium, ancl become 
changcal into [ \\c carbonated or hydrated secondary ]ihosphate rocks. 

Phosphates occur in rocks of all the geological eipochs. Apatite is 
associat.('d wh h gi’anil.(\s and gneisses. 

Pakcozoic phos])horitcs (coprohtes) liavc been found in England 
mid (h‘rniaii\u In the; Messozoic cpocli phosphorites o(*cur in the 
d'riassic', Jui’assic and (tata.ccous formations. Thc^ tertiary phospiiate 
deposits in t.h(‘ linit(*d St.at(‘s ol* Am(‘ri(;a and Africa, arc the most 
(-\t(msi\(‘ and \'aliia.l)!c m the world. (Quaternary dc^posits include 
tbs.sii bones, I h<‘ guanos am! ])h()S})hogua.nos. TliC liigh-gra.de sec'ond- 
ary deposits \vhieh ar(- nscal as sonrci-s of fei-tdisc-rs and of iihospdiorus 
g(“ne!-ail\' ha\'(* no doubt beam sc‘grc\gal t‘d by proct^ss(rs in which animal 
!if(‘ has plax’ed :i large* part. Thus the* skch-lons of marine animals 
and organisms eoll(*(*ling on the lloor of tlu* ocean arc dissohcxl in areas 
eonlaimng a Ingh concent. ra.tion ol‘ carlion dioxide*; tlu'ir (*om])onent 
phospliales are i*epi’ce! pi t a t cd on sh(*lls, or by ammonia. dci'ivc*d from 
I j,,. d(‘ea\' of ni t i‘ogc*iioiis ma.ttcr, and foimi conc‘rctions of tribasic 
ealeinm phospiiate.^- •’* Tlu* small (plant ith-s of phosphates whi(‘h are 
\Nid(“ly pi'cscnt ill linicst()iu*s ” and dolomites ma.y uiidei* certain (*.ondi- 
I ions' b(* c( )nc(*nl rated b\' the l(*a.(‘lilng out of tlu* cal(*inm carbonate 

‘ ('l.el.c and \\ a- liiin/i on, A’n/. Acad. S(i., I .S. A., 1^122,8, lOS. doc also (Jlarko, 

" lht(n: (;,<>( ii, 111 f.’-h ' \\ a.-'hi net ( Ml, liLlO. 

0 { a n d ; : I'l •! 1 , I'.t'o/i (An! , 1 Ul2. >, I 8, I I R. 

• lda<de\.ddcr, Ann r. J . Sen, lUIC), | 11, 42 , llSd. 

• ( da [-Ian n/i. 

Mnn-.i\ and lU-nai-d, " !>(( p-Sta f (l.oiidon, ISUJ), p. aUT. 

•' Sfnol, hnl. I'Anj. (Airiii., 1!32], 40, oUdd 

• I)a\ids()n, 'Prany. Anicr. InsL Min. I'J/n;., ISt).‘>, 21, 181). 
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in the form of bicarbonate. All sedimentary deposits which consist 
of the remains of animals or plants must contain ]3hosphate. The 
breaking down of these deposits disseminates the phosphatic material 
in the soil. These deposits are largely derived also from the gradual 
solution and subsequent deposition of widely diffused panticles of 
apatite which are a constant constituent of igneous rocks. Granite 
contains 0-6 per cent., basalt 1 per cent, and gneiss 0-25 per cent, of 
phosphoric oxide on the average. Fertile soils contain 0-2 to 0*5 per 
cent, of phosphoric oxide, poor soils about 0*1 per cent. Some phos- 
phate must be present in a soil which supports any flora. The plants 
use these sujDplies mainly in their seeds, which are eaten by animals, 
and the phosphorus subsequently segregated mainly in the nerves, 
brain and bone. It is then pai*tly returned to the soil as animal remains. 
Phosphorus is not of course lost in the same way as combined nitrogen, 
by decomposition, since phosphorus compounds which are likely to be 
formed in nature are non-volatile. But considerable quantities of 
dissolved phosphates find their way to the sea, and this occurs especially 
under a system of water-borne sewage. The loss thus incurred is an 
additional argument in favour of the treatment of sewage with recovery 
of all fertiliser values. 

Ordinary sea- water may contain from 0*06 to 0*07 milligram of 
P0O5 per litre, ^ the amount varying with the season. This supply is 
drawn u]:)on by diatoms and algae, and returned wflien they decay. The 
sui:)ply is also continually supplemented from rivers, etc.-’^*^ The alg<De 
are devoured by molluscs and crustaceans, which in their turn supply 
food to animals higher in the scale,^ until finally, as tlic bodies of fishes, 
the phos])]iorus is assimilated by sea-birds, who return some of it to 
the land in their excrement. This ultimately becomes guano, and the 
phosphate may then be converted into ])hosphatie limestone. The 
remainder of the ])hos])hatc from these and other sources accumulates 
on the bottom of the sea as a mud which contains 3Ca3(P04)2.CaF2, as 
Avell as Ca.iP 209.4-1100 and Ca^PoOg.HoO, derived from minerals and 
animal remains.^ 

Assimilation by Plants. — It is probable that plants obtain all 
their ])lios])horus from phosphates. Organic com])ounds containing 
])h()sp]K)rus, like tlic ifliosplioprotcins, are rapidly decomposed by soil 
bacteria, and the ])hos})horic acid combines with the bases in the soil. 
The assimilation of phosphorus from phos])hates vfiiieh arc insolul)lc in 
water is probably aided by acid seci-ctions from the root-liairs, and also 
]xnhaps by the carbon dioxide exhaled during the rcs])iratory ])rocess. 
Soluble phosphates are quickly assimilated. The absorption oi‘ 1-I2P04~ 
ion by a growing ])]aut may be demonstrated by a fall of acidity. If 
the plant absorbs the base as well (Ac. lime), the acidity or hydrogen- 
ion concentration of the soil is maintained, and phosphate thus remains 
in solution. This is, of course, only one of the numerous reactions by 
which the acidity is regulated. A dilferencc in the lime requirements 
juay thus account for the dirfcrcnce in the availability of ph.os]:>hatic 
fertilisers for diitei’cnt plants.^ This theory will also account for the 
greater availability of insoluble basic phosphates when applied to 

^ Mallhcws, J. Marltia iliol. A-smoc., ii, 122, 2;')1.. 

- Gill, ibid.., 1927, 14 , ]0r)7. Atkins, ihicL, 1920, 14 , 447. Lindgron, loc. ciU 

^ JL.ssot, Zeitsch. anorg. Chain., 1908, 59 , 51. 

•’ A nnual Beporls of the Chemical Aocitiy, 1920, 23 , 217, and 1927, 24 , 2,87. 
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soils which lack lime, and thus confer on the phosphate a potential 
acidity which is due to the demands of vegetation for this base. The 
demands are greatest in the case of leguminosae (beans, etc.), brassiccX 
(cabbages, etc.) and roots, and especially potatoes and beetroot. 

The^ general effect of phosphates is to favour the formation and 
ripening of seeds, and in this respect it acts in the opposite direction to 
combined nitrogen, which favours the growth of stalks or straw at the 
expense of seed or fruit. 

The concentration of phosphorus in vegetable matter is not high, 
being rather less than O-l per cent, in dry fodder, but much higher — 
about i per cent. — in grains. The phosphates assimilated by plants 
supply the loss of phosphorus eliminated in animal metabolism, and 
which, in the case of human adults, amounts to 3 or 4 grams of phos- 
phoric anhydride a day. The reserve of calcium phosphate present in 
the bones weighs about 2 kilograms. ^ 

From the earliest ages the natural circulation of phosphorus has 
been altered and controlled b}' farmers. The systematic return of all 
kinds of excreta to the soil is still the basis of the intensive cultivation 
practised in densely populated areas of India and China, where the soil 
bacteria are so active at the favourable temperature prevailing that 
the nitrogen and phosphorus become available almost at once for 
another cro]). The return of bones to the soil is a less obvious form of 
economy, ]:)artly because when in the massive form these disintegrate 
vea’v slowly. 

After the demonstration of the chemical basis of agriculture by 
Liebig in 1810, and others, bones were recognised as essential on 
account of their high ])hos])horus content. Great c]uantitics of })oncs 
W(‘r(t iinj)()rled into Engln.nd for this purpose in the first (quarter of the 
ninet(‘(avth c(‘ntury. Later, they were largely su])crse(led by the 
highly coiuamt-ratcMl Feru\'ian guano or by su])erphosphate, wliich arc 
inoia* rcsadily a\-aila.blc to the ])lants. Bones, liowcvcr, Avhen finely 
ground, and a flea- tli(‘ cxtra.clion of fat and of gelatin by steaming, still 
retain their plae(^ as a. slow fertiliser in schemes of manuring. A ty])ical 
anah’sis of raw boiu^s shows — 

Moist ur(‘ . . . . . .12 |)cr ccait. 

Organic nia.ttm' . . . . .28 ,, 

Fat 10 „ 

('aleiurn and niagiK'siuiu phos])hatcs . . 41- ,, 

Caleiuiii earl)onat(‘, sand, (t.c. . . . 5 

II' a good deal of t h(‘ organic prot.(‘in (ossOn) has b(‘cn hit in tlu: hone, 
as is th(‘ case when tlu‘ f;d lias beam cextractcal \)y solvcmts, and not hy 
steaming, tin* r<-sulling boiu^-uu^al (piickly d(‘com})osc‘S in tlu^ soil, the 
piiosphorie acid being inad<‘ {lartly solnbh^ by llu* (ha'omjxisition pro- 
du(‘ts of the proteins. Such a. hoiu'-nuad will contain (appi'oxiniatcly) 
•lo per cent, ot' ealcinm phosphates To pea' eaait. of magne^siiim ])hos- 
piiate* and o\(‘r 2>() jxa’ ea'iit. e)f eirgaiiie* maltea'. 

The (pK'stion eif ax'ailability is large'ly e)iK' e)f seiluhility. It was 
suggested 1)\‘ Li(‘l)ig that, lieine'-ehist. slieiulel h(‘ re'iieh'real soluble' by 
tre'atmeait \sit!i sulphiirie* ae-iel. Hut the' ae*tie)n eif the' a.eid ein the 
protein matter make's the* pre)chie't vise-oiis a.nel dillie'ult to elry. Bone 
supe'rjihosphat e‘ is me)rc ('a.sily maelc from a ek'gclat iniscel bone-dust 

^ See; furtlie-r, {). 4. 
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or from bone-asli. This latter product was formerly imported in large 
quantities from South America, and contained from 65 to ov^e]’ 80 per 
cent, of calcium phosphate. The ash may be completely dissolved in 
an excess of hydrochloric acid, and the calcium monohydrogen phos- 
])hate then precipitated by careful addition of lime. This ju’oeess is 
also used to recover phosphate of lime from the acid liquid which is 
obtained as a by-product in the manufacture of glue from bones. The 
phosphate of lime so prepared is fairly free from impurities, and may 
of course be made soluble again by the addition of more acid : — 

Ca 3 (P 04)2 + dHCl ^CaH^fPO^). + 2CaClo 
CaH^(PO J 2 + Ca(OH)o =- 2 CaIIPO^ -r'' 2 H 20 

The chemical exploitation of bones thus led by a gradual transition to 
tlie artificial fertiliser or mineral phosphate industry which will now 
be described. 

Sources of Phosphates. — The most available and most exploited 
sources of phosphorus and its compounds at the present day arc the 
phosphatic rocks, or phosphorites, which consist of tribasic calcium 
phosphate associated with calcium carbonate, alumina, magnesia, etc.^ 
Phosphates of alumina are also useful. The production of these 
secondary rocks from the older rocks has already been mentioned 
(p. 208). Although the apatites themselves, as pure minerals, contain a 
high ])roportion of phosphoric anhydride, they are difficult to decompose, 
and arc admixed with other minerals of a still more refractory nature. 

There arc many other possible sources of phosphates in whicdi the 
acid is combined with the common bases. Thus there arc nearly IdO 
minerals which contain 1 per cent, or more of phosphoric, oxide.- In 
the following table is given a small selection of those wliich are of 
special interest : — 

MINERALS CONTAINING PHOSPHORUS. 


Table I. 

Xamc, Occurrence, etc. 

Chemical Composition. 

Crystal System. 

Density. 

i Apatite .... 

1 Igneous rocks and meta- 

i morph LC limestones. 

3Ca,(L'0,i)..Ca(Cl orl'). 

Hexagonal 

3-16 ■3-23 

-- 

l^yromorphitc 

Upper levels of lead m i ncs. ' 

3Pb3(FO.i)...VbCU 

Hexagonal 

C-o-T-l 

Wavellito . . . | 

' Fissures in slate. 

2Al,(OH),(POP,.9.HoO 

llliombic 

2-33--2-49 ■ 

' Vivian itc 

1 Some iron (copper and i 

tin) ores and as caidliy : 
mineral. i 

Fe3(P(),)o.81UO 

Monoclinic 

2-6-2-7 

Struvite 

Guanos. 

VgXHjPO,. 611,0 

Orthoriiombic 

1-68 

Turquoise 

Trach^dc or breccia. 

AldOH).j.PO,.HoO or 
2Ar(OH)3.4AlPO,.9HoO 

i Amorphous with 

1 crystal granules 

i 


^ See analyses, p. 213. ^ Phillips, Trans. Amer. Inst. Min. Eng., 1893, 21 , 188. 
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The next table illustrates the great variation of basicity and 
hydration shown by phosphoric acivd in nature, and also of the bases 
with which it may combine. Minor constituents ai’e omitted for the 
sake of brevity'. When the crystalline system is not stated the 
mineral is amorphous or massive. 


MINERALS CONTAINING PHOSPHORUS. 


Table II. 

Stercorite 

XaXICHPO^.Ur^O 

Monoclinic 

Bobierrite 



Launayite 

Mo 3 (NH,),H.,(P 0 ,);. 8 ir 30 

Triclinic 

Monetite 

CaIIP 04 

^lonoclinic 

Brushite 

Cal-IPOi-SIUO 


Collophane 

Ca 3 (P 04 ).,.lI ,0 


Isoclase 

Ca2(0ii)pd4.2n20 

Monoclinic : 

Dihydrite 

Cu(Cu 0 H).,(P 04)2 

Tricliiiic 

Libethinite 

CviP 04 (CuOII) 

Rhombic 

Tagclite 

CaiP04(Cii0II).II,0 

Moiiocliuic 

Hopeite 

Zn,(P 04 ).,. 41120' 

Rhombic 

Variscite 

AIPO 4 . 2 H..O 


Zepharovichitc 

AIP04.;3]r.20 


Callainite 

A1P04.2J:IL,0 


Callaite 

AI„( 0 H),P 64 .(i]l 20 

Rlmmbic 

Augelite 

Al 2 (dlj).,P 04 

.Monoeliiiic 

Sphecrite 

Ai5(Oir)„(Pd4)2.i2ir..() 


Evan site 

Al.(0]l),;.AlP0,.eil.,0 


Kraurite 

Fe.,(Oir),PO, 

B horn hie 

Ludlamitc 

Fc,(oir)„(Pd4)4.8ir,o 

Monoclinic 

Monazitc . . . 

C:eP 04 

Triclinic 

Xenotime 

YPO 4 

Tetragonal 

A ut unite 

(U 0 ,).,Ca(P 04 ),. 8 ir .,0 

Rhombic 

Borickite . . ' 

CaFc 4 (dlI),(P 04 ),>.;iH.,() i 


Cirrolite 

Ca,,AI,(0]I)2(i>“04)P 


Triphyllitc 

(Mn, Li, FcOPO, 

Rliomhic 

Ambl^ygonite 

AI(Li)P04(F.Oil) 1 

dh'iclinic 

Chaleosideritc' 

( AI, Fc),(FeO) 4 .C:u( PO,) ,. 8 l 1 ,.0 



Iron ores often contain ])hosphates which are rediiccal during (he 
smelting process, the ])hos])horus ])assing into the iron as ])hos])lhde 
and being again eliminated as basic, calcium ])hosphale in basic shm 
(^.m, p. 210 ).^- 

The phosphates of lime arc tlie most valuable natural (crl.iliscrs 
and raw material of the fertiliser and j)hosphorus industry, wliicli 
uses also to a less extent ])hosphates of ainminiuni and the apatites. 
Over 80 pcA' cent, of the easily dccomposihk' phosphorite's jniiu'd arc 
used in tlie preparation oi‘ super])hosphal(‘ or othci’ fe'rf ilist'i-s (1020). 

The Composition of Phosphorites. Phosphoric anhydride, 
in the form of tribasic calcium pliosphate, foians about G5 to 70 pc'r 

^ See also this Series, Volume J.X., Part 1.1. 
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cent, of a rock suitable for use in the fertiliser industry. There is 
present, in addition, an excess of calcium carbonate, also ferric oxide 
and alumina, silica (2 to 8 per cent.), organic matter and moisture 
(2 to 8 per cent.). The following analyses furnish a comparison 
between the principal constituents of the ra^v materials. Complete 
analyses are given in three typical eases of the most important classes. 


ANALYSES OF PHOSPHATIC MATERIALS. 



NL,. ^ 

CaO. : MgO. 

ALO 3 . 

Fe, 0 ,. 

CCP. 

: SiOo. 

Other Constituents. ! 

i Bone-asli . 

! 39-00 

52-46 ' . . 





1 

Precipitated 

phosphate 

39-43 

44-88 ^ . . 






Canadian Pock. 

33-51 

46-14; .. 






, Spanish llock . 

: 33-38 

47-16 






, Eionda,n Pock . 

33-61 

48-08 ' 5-54 

1-20 

1-38 

2 29 

7-15 

0-75 volatile on 

, Algerian PocJv . 

^ 30-38 

i 

49-53 1-01 

0-32 

0-47 

7-5 

1-S5 

! ienition. ■ 

2 01 SO 3 . ! 

Xaiiru Pock 

39-34 

48-13 ' . . 







ANALYSIS OF AMERICAN ROCK. 


, P„0-,. ■ CaO. .MuO. Al.,0,. Fe., 03 . 

1 - j ^ j ignition. 

SiOo. Other Constituents. ; 

Anaconda 5Lanul'.: 

Co.^ . ., 32-0 

14-2 0-47 

1 20 ' 0-53 ' 7-20 ' 5-()0 

, ! 

Xa„0, 0-42; K„0, ^ 
0-14; S, 0-71; Cr, 

0 05; V, 0-09; F, ; 
MO ;H., 0,1-0. i 


The Distribution of Phosphatic Rocks . — Great Britain . — The 
deposits arc of historic interest only, in view of the abundant high- 
grade rock wliicli is im})ortcd. TJic nodular deposits of the Eastern 
counties, known as coj^rolitcs, contain the remains of the teeth and 
bones of lisli and reptiles. Tlu^ riclicr beds contain a satisfactory 
percentage of phosphate, as is evident from the following analysis : — 


Cambridge. Suii'olk. 


GO-77 77-7 5G-0 | 70-9 

2;3-G7 2-3 10-0 , 10-3 


The fossil bone bed at Sutton (SulTolk) once contained 50 to 60 per 
cent, ot calcium j)liosp]iatc, but the remaining deposits are of much 
poorer (piality. 

The working of the English beds has long been discontinued, except 
^ Lariiun, Ind. Eng. Chem., 1929, 21 , 1172. 


Cadcium p!K)s])]iarc, per cent. 
C'aiciuni carbonate, per caait. 
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that during the Great War some thousands of tons of coprolites were 
mined at Trumpington, Cambridge, and in Suffolk. 

Europe. Useful deposits are found in France, Germany, Czcclio- 

Slo^'akia. Poland, Belgium and Spain, the deposits of Estremadura in 
the last-named country being inspected by Dr Daubeny as early as 
1843. 

Phosphatic limestones are found in the Pas de Calais, 
Meuse and Somme regions, and the last-named deposits were among 
the earliest to be worked. Specimens have been found which contain 
up to 78 per cent, of calcium phosphate. Those from the Meuse and 
the Ardennes contain about 40 per cent. A limestone with less than 
30 per cent, of calcium phosphate is hardly considered worth using for 
the manufacture of superphosphate. France also controls the output 
of North Africa. 

North Africa. — The deposits of Algiers were discovered in 1873 and 
were fullv reported upon in 1886. They are of Eocene age and contain 
58 to 68 per cent, of calcium phosphate in a soft rock, together with 
marl, considerable amounts of silica, calcium fluoride and chloride, 
nodules of gypsum and almost pure limestone. The beds usually are 
several feet thick and run continuously from ^lorocco to Egypt at a 
distance of over 100 miles from the sea. Those at Constantine (Algiers) 
are 120 miles from the port of Bona, and those at Gafsa (Tunis) 150 
miles from the port of Sfax. 

The potential resources in this region have not yet been fully 
explored but are probably the greatest which have been discovered 
up to the present. It has been estimated that there are 1000 million 
tons available in Morocco.^ This estimate has recently been increased 
to 3000 million metric tons/^ 

United States . — The principal deposits are in South Carolina, 
Florida, Tennessee, Arkansas, Utah and Wyoining. The South 
Carolina deposits are of Miocene age and occur both as “ land ” and 
“ river rock. They contain 25 to 28 per cent, of j)hosphoric oxide 
and 35 to 42 per cent, of lime. They were the earliest to be exploited, 
namely, from 1868 onwards, and in 1803 they furnished about one-fifth 
of tiie world's supply. Since this date the production lias dectlincd, 
while that of Florida has greatly increased. In 1013 Florida and 
Tennessee together ])roduced some 06 ])er cent, of the total output from 
the United States of America. The hard-rock deposits of Florida arc 
of Tertiary age, and they run parallel to tlie (‘oast for 111' miles. 
After concent rat ion by mechanical means they contain usually fj'om 
77 to 70 per cent, of calcium phosphate (more rarely u[) to 82 ])cr cent.) 
with 3 per cent, of oxides of iron and alumina, some (‘alcium Jiuoridc 
and other constituents, and 3 per cent, of moisture. The best grades 
of Tennessee rock were guaranteed to c*ontain 72 ])cr eemt. of calcium 
phosphate, and 65 per cent, is common. The soft rock is a ])hos])hatie 
clay. The river pebbles are dark grey to black and are verv cheaply 
obtained by dredging. 

Deposits are found also in Canada, the West Indies, Mexico and 
South Avierica. 

Oceanic Deposits and Guanos.— — This valuable natural 
manure is produced from the excrement of sea-l)irds, and occa- 
sionally of other animals, which has been chemically altered by ex- 
^ Pietvkowsky, Eatunciss., 1922, lo, 350. ^ ChenucaL Age, 1931, p. 281. 
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posure. Peruvian guano has been mined for many centuries. That from 
the Chincha Islands was used by the ancient Peruvians according to 
von Humboldt, 1804. 

Guano contains from 11 to 17 per cent, of phosphoric oxide, 11 to 
19 per cent, of lime, up to 1 per cent, of magnesia, 3 to 15 per cent, 
of nitrogen, about 2-5 per cent, of potash and 13 to 30 per cent, of 
water. ITence it is almost a complete plant food. 

Phos'pho-giianos . — These deposits occur chiefly in oceanic islands, 
situated in tropical latitudes, and have probably the same origin as 
guano, but the changes have been more far-reaching, so that their 
composition is transitional between the guanos and the phosphatic 
rocks. By intense bacterial action the nitrogenous compounds have 
been converted quickly into ammonia and nitric acid, and the soluble 
nitrates and ammonium salts have been washed out by heavy rain, 
or the breaking of high seas over low-lying atolls. The resulting 
deposit contains usually less than 1 per cent, of nitrogen. The phos- 
phate of lime ranges from 60 to 77 per cent. When it is 50 per cent, 
or less the deficit is usually composed of organic matter (loss on ignition) 
or calcium carbonate, or both. 

The Pacific Island deposits belong to this class and are found 
chiefly on those islands which lie between Australia and Japan. The 
Barker Island deposit, now exhausted, contained about 78 per cent, 
of calcium phosphate and 6 per cent, of magnesium phosphate. Rich 
deposits were also found on the F'anning Island and Makatea Islands in 
the Paurnotu Group, Angaur Island in the Pclew Group, etc. 

The Australasian Dominions, Australia and New Zealand, largely 
obtain their supplies from Nauru and Ocean Islands, the produce of 
which wars, after 1920, divided in definite ratios between the United 
Kingdom, Australia and Ncav Zealand. Nauru is a coral island over 
200 feet high and covering an area of about 5,000 acres, a considerable 
part of wliich consists of a deep deposit containing 80 to 87 (usually 
8G to 87) })er cent, of calcium phosphate, wdrich probably has been 
formed b}^ the leaching of guano deposits into the coral limestone. 
The })hosphatc is quarried out, leaving pinnacles of the harder limestone. 
The ]’escrves on the island are estimated at 80 to 100 million tons. 
From 1913 onwards the island has yielded nearly 100,000 tons per 
annum. The Ocean Island deposits are of about the same quality, 
and about 50 feet thick on the central table-land. The reserAms are 
estimated at 50 million tons, and the output for seAnral years was 
between 100,000 and 200,000 tons per annum. 

Other well-known deposits are those of Christmas Island, also 
Bedonda and Sombrero (West Indies). 

The ])hosphates of the British Empire are described in an official 
])amphlet.J Analyses of all the different types of phosphate minerals 
luiA'c been collected by FTitsch.^ 

The World’s Production of Phosphate Rock. — The amounts 
of ])hosphate rock mined annually increased only slowly from the 
beginnings of the industry in 1847 to 250,000 tons in 1869, then to 
about one million tons in 1887 and about seven million tons in 1913. 

^ ''Phosphates, 1913-1919,” Imperial Mineral Resources Bureau, H.AI. Stationery 
Office, 1921. 

“ Fntscli, "The Manujacture of Chemical Manures,” Scott, Greenwood, 1920. 
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xVfter the great fluctuations during the Great War and post- War years, 
the production had again reached four million tons in 1919 and seven 
million tons in 1920, made up as follows (round numbers) : — 


United States of America 
North Africa 
Oceanic Islands . 

Other Countries . 


Tons. 

3,000,000 

3,000,000 

500,000 

500,000 


Total . . 7,000,000 ^ 

The amounts, in round numbers, for the succeeding ^^ears (millions 
of tons) are : — 


' 1924 1925, 1926 , 1927, 1928 I 1929, 1930 

j Less than 8 Average 9 j Average 10 | Average 11 


The greater part of the increase is due to the North African deposits.- 
The yearly production from these sources is now greater than that 
which is obtained from the North American deposits. 

It has been estimated that the available phos]:)hate deposits would 
last for a century,^ but this estimate docs not fully take into account 
the North African deposits (p. 214) or the proportion which will be 
conserved and returned to the soil by future generations. The present 
annual requirements of a great agricultural country like France or 
Germany appear to be of the order of a million tons.^ 


Basic Slag. 

This is a by-product produced in the manufacture of steel from 
pig iron which contains phospliorus (phos])hidc) (sec p. GG).‘' The 
possibility of removing the phos 2 )}iidc dissolved in pig iron by carrying 
out oxidation in a Bessemer converter lined with a basic instead oi‘ a 
siliceous material was demonstrated by Snclus in 1872, by Thomas and 
Gilchrist at Blaenavon in 1878 and at the Eston works in 1879. The 
utility ol‘ tlie slag as a fertiliser was tested in the Soutli and Nortli of 
England from 1881 by "Wrightson, Somerville, Middleton and Gilclirist. 

The converters, and afterwards the 0 ])cn heartlis, in or on wliich 
the ])ig iron (containing 2 )hos])]iide was oxidised, are lined with lime 
or magnesia. The ferrous phospliate ])ro(luccd by oxidatioji, instead 
of being immediately reduced again by the excess of iron, is decomposed 
by the lime according to the equation 

Fc 3(PO Jo -t 4CaO = Ca,,BoO, -r 3FeO 

and the phos})hatc combines further with any calcium silicate or lliiojldc 
which is })rescnt. Tlic hard slag is crushed, sej[)arated from inclusions 
of iron, and then gi’ound in a bail mill. 

^ Parrish and Onilvic, A rl fjinal. Forhl tsers,'' Jh-nn, J.ondon, 1627. 

- A, X. Cray, Cficjtiiail Ant, pp. 90, 584; .1962, p. 97. 

^ Goldschmidt, Stojficcchstl dtr Krdt,'^ Leipzig, 1922, 

^ byes, J . Soc. Chem. Ind., 1962, 51 , 687. 
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In the 0 ] 3 en-hcarth process the slag may be removed by ladling or 
tilting, when the phosphorus content of the iron has been reduced from 
1 per cent, or over to about 0-2 per cent. This furnishes a high- 
grade slag. A new ’’ slag by means of Avhicli the jdiosphorus content 
is reduced to about 0*02 per cent, is of much poorer quality (see Table I.). 


OPEN-HEARTH SLAG: HIGH-GRADE AND “NEW.” 

Table I. 


Silica. ' Lime. Iron. 

' Total 
; PoO,. ; 

Soluble 

F 2 O 3 .* 

Citratc- 

Soluble 

ILO-.* 

i 

High-grade . 18-80 37-80 ; 7-80 

18-54- : 

14-33 

77-39 

New . . . • 9-40 ^ 51-30 14-00 

^ 7-4-0 

Il-IO 

: 14-90 

In the ordinary process the slag is allowed to flow off continuously. 
It then show^s a diminution in phos]dioric and silicic anhydrides and an 
increase in lime and total iron as the carbon and ])hosphorus in the 
metal diminish say from 1-77 and 1-30 per cent, respectively to 0-09 
and 0-023 per cent, (see Table 11.). 

OPEN-HEARTH SLAG : CONTINUOUS 

FLOW. 

Taiu.f. IL 




Silica. Lime. Iron. 

Total 

ILO^. 

Soluble : 
ICO,.-' 

1 

Citrate- ! 
Soluble , 

1 

At (irst . . 20-30 33-20 8-00 

^ 17-08 

15-30 

1 

89-92 ! 

Aftei' (i.l liours . 1 ()' 2 () -l-7-(S() j ]-i--70 

10-85 

1 -GG 

15-30 : 


Tlie solubility of basic slag has been found to increase with increasing 
calcium silicate. Some of tlie constituents other than phosphate have 
value on certain soils which happen to be deficient in these constituents. 

basic slag is a slow 1 ‘crtiliser ; tlic phosphate is not immediately 
available as is that of calcium supcr]ihos]i]iate. It is particularly 
valuable foi' iVuit trees, and for heavy gi’ass-land, on which it develops 
the growth of white clover and hence increases the amount of combined 
nitrogen. It neutralises acid soils, and its bciichcial ell'eets extend 
over many years. ^ 

* Nota . — Percentage of the total IPO;-. 

^ 't!h)S]e Slags: tlieir Production and Ctilisation in Agriculture,” Trans. Faraday Sac., 
1921, i6 (ii), 2G3. 
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Summary of Piiosphatic Fertilisers. 

The chief varieties of naturally occurring or manufactured phos- 
phatic fertilisers may be classified briefly as i'ollows : — 

(1) Natural nitrogenous phosphates such as guano, bone-dust. 

(2) Finely ground piiosphatic rock. 

(3) Superphosphate of various grades — with 16 to 20 per cent. 

total phosphoric acid or with 8 to 10 per cent, of water-soluble 
phosphoric acid. 

(4) Double superphosphate— with about 40 per cent, of soluble 

phosjihoric acid. 

(5) Precipitated dicalcium phosphate. 

(6) Basic slag or “ Thomas phosphate.” 

(7) “ Woltcr phosphate,” obtained by decomposing phosphate rocks 

with calcium carbonate, sand, carbon and sodium sulphate in 
a furnace. “ Rhenania phosphate,” obtained by decomposing 
the rock with leucite or phenolite, potash or soda. 

(8) Ammonium phosphates and superphosphates, which may con- 

tain also ammonium sulphates. 

A scientific study of the various systems should determine the best 
conditions for the various reactions between salts and acids. The 
phosphates of calcium are the most important. 

The System Lime aam) Phosphoric Acid. 

Since the phosphorus compounds which are used in the arts, as 
well as phospliatic fertilisers, are derived from the decomposition of 
jihosphatcs of lime, and the interactions of these are also of importance 
in biochemistry, a short account of the best investigated of these 
compounds will be given herc.'=‘ 

The phosphates of lime which occair in natui’c or arc produced 
during the course of manufacture of ])hosphorus com})ounds arc salts 
of orthophosphoric acid. The hydrogen is replaced })y calcium in 
stages giving successively mono-, di- and tri-calcium phosphate. Of 
these the inono-calcium salt alone is freely soluble. The solids 
dc]msited on evaporation, or obtained by double decomposition, arc 
generally mixtures of the di-, tri- or more basic com])oiinds, but pure 
crystalline forms have been prepared, esj)ccialiy of tlie more acid 
phos]duitcs. The more basic phosphates are very sparingly soluble, 
and the solubilities arc not dehnitc. The solids are not in equilibrium 
with solutions of their own composition, but arc in ])rocess of trans- 
formation which is so slow that equilibrium is not attained in most 
operations. 

Tribasic calcium phosphate, Caylh^Og, may be made by washing 
precipitated calcium phos])hate with ammonia, wliich dissolves any 
excess of ]3hosphoric acid above that rec^^uired to form this comj)ound. 
It is a white earthy powder which retains water tenaciously, and also 
adsor])s lialides, luca]4)onatcs and hydroxides.^ It has also been 
prepared from CaIi 4 (P 04)2 by dissolving this in a large excess of water 

^ Note . — In accordance with the general plan of this Series, full accounts of the 
various phosphates will be found under the heading of the metal in the appropriate 
Volume of this Series. 

^ Bassett, Trans. Cliem. Soc., 1917, iii, 620. 
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and adding aininonia free from earbonate with constant stirring and 
at such a rate that the solution is only faintly alkaline until the end of 
the operation. The amorphous gelatinous precipitate is washed witli 
water by decantation until the dissolved phosphate is reduced to a 
minimum. Analysis of a dried sample gave a ratio P205/Ca0 =^ 0 - 835 , 
the theoretical ratio being 0 * 84 o.i Ca3(P04)2 contains 54-2 per cent, 

of CaO and 45*8 per cent, of P2O5. According to the analyses given 
on p. 213 , jDhosphate rock evidently is more basic than this, and often 
contains much carbonate. It is considered probable that these rocks con- 
tain oxy-apatite, Ca0.3Ca3P20g, hydroxy-apatite, Ca(0PI)2.3Ca3p208, 
or carbonato-apatite, CaC03.3Ca3P208, with usually a further excess of 
lime or calcium carbonate. The composition of the solid phases formed 
by long shaking of CalTPO^ with Ca(OH)2 passes the point correspond- 
ing to CagPoOg, and becomes fixed only at a ratio which corresponds 
nearly to Ca(0H)2.Ca3P208A 

Repeated extraction of Ca 3 P 208 with boiling water yields finally 
Ca( 0 H) 2 .Ca 3 P 208 .^ The preparation is more certain in the presence 
of alkali.^ The tribasic phosphate is suspended in a large excess of 
water contained in a pyrex flask and boiled for long periods with alkali 
free from carbonate, removing the supernatant liquid each day. 
After several wrecks the precipitate reaches a constant comjjosition 
which undergoes no further change, the ratio of P205/Ca0 (in grams) 
being then 0 - 7 G. The hydrolysis is expressed by the equation 

10Ca3(PO4)2 -hOHoO =3[3Ca3(P04)2.Ca(0H)2] -r 2 H 3 P 04 

Both tlic basic phosphate and Ca3(P04)2 adsorb definite quantities of 
Ca(OIT)2- These quantities when plotted as functions of the concen- 
trations of Ca(OII)2 have the usual form of adsorption isotherms and 
therefore give no evidence of the formation of definite compounds, 
1 gram of the basic calcium phos2:>hate when in equilibrium with a 
solution containing 1*099 grams of Ca(OH)2 per litre adsorbs 0*0201 
gram of the hydroxide. After 6 months of contact this amount is 
increased to 0*0243 gram.^ 

A hydrate CagFoOs*^'^'’^ has been described as a hygroscopic 
powder, but this also is not in equilibrium with a definite solution 
but gives solutions containing greater 2:)roportions of phosj^horic acid 
and dissolves with liydj'olysis, dci^ositing limc.'^ 

Dicalcium 2>hosphatc, Ca2ll2P2^8 CaHPO,^, is the first substance 
to be ])rccij)itatcd when calcium hydroxide is added to lohosphoric acid. 
It is ibrmed by the intcractioii of mono- and tri-calcium phosiDhates, 
and is then called reverted idiosj^hatc.” Thus 

Ca 3 P 203 -r Callup oOg - 2 Ca 2 li 2 P 208 

It is also deposited w 9 ien any aqueous solution of calcium phosphate 
is cva])oratcd to dryness with hydrochloric acid. It occurs as an 
anhydrous more soluble form and as a hydrated less soluble crystalline 
form (monoclinic needles). The solubility jDroduct [Ca^“][liP04=] is 

‘ Lofali, '.I'arr.ar and V\ ood, J. Ai/tcr. Chtni. Soc., 1929, 5^5 1097. 

- llai^setl, 'fran.H. Ch.cni. Hoc., 1917, ill, 620. 

^ Wanngton, Truas. Cht/u. Hoc., 1873, 26 , 983. 

.1 rt l T -1 o>-r 1 
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variously given - as 4 x 10^' or 3 5 to 12 x 10“®. This comjDounci, like 
the tribasic and indeed all the phosphates of lime, deeoniposes in con- 
tact with water giving a more acid solution and a more basic solid. 
The original solid compound is in ecpiilibrium only with a solution 
containing a higher ratio ol PO^/CaO. Tliis is clearly shown in the 
accompanying table. 

THE COMPOSITION OF SOLUTIONS SATURATED 
WITH CALCIUM HYDROGEN PHOSPHATES.^ 


1 

1 

Solid Phases. 

25" 

C. 

40" C. 

o0'7^ C. 

_ 

Concentration — Grams per 100 Grams 

Saturated Solution. 


CaO ‘ 

PTh 

CaO ' P..O, 

CaO ! 

It.O-, 

Cal-IdhOsd-hO 

3-09 to 

36-1 to 

1*77 to 42*4 to 

0-G36 to ' 

58*08 to 


4-9 B 

28-3 

3*58 36*8 

4*88; 

33*2i 

: CaH,P.>0,.H.>0-,-CaLlPO, . ' 

5-81 

24-20 

5*76 ! 27*25 

5*72-, i 

29-01 . 

CaJlPd, . . . . ; 

5-52 to ; 

22-9 to 

4*cSi to ' 21*7 to 

3*51 to i 

15*5 to 


0-83 

2-39 

0-059' 0*158 

0*69' 

2*28 

Ca.HP0,-rCaMP0i.2H.,0 . ■ 

0*I()5 i 

0*417 




CaHP0,.2tP0 . . . ; 

0-070 U) ! 

0*i(5G to 

0*059, 0*153 

i 

1 


0*040; 

0*093j 


i 

! ! 

1 


Three quintuple points in this system have been determined by 
Bassett as follows : — 


EQUILIBRIA BETWEEN SOLID PHASES AND SOLUTIONS 
AT THREE TEMPERATURES. 

' ° C. ' iSolid {)hascs as spi-cilicd ; solui.iuiis in s(iuai'c hracki'ts. j 


21 : Ca!iP()j.2 !!,()-; 0* J kSCal l g ) ,).. (1,0 1-07 ITOai 1 1*0 , 

i-12-:04ll,0 ; 0 !0()07i*,O,, i 0-0r)27C:a.O 


(Ciii l*0;.2iL0 U-‘)0S;>( ail i'Oj : 0 ’().), .11,0 

: [2 ooo.smij) : (^•()(!o.s:l(';^o , u-o()o;k)i’,0- 1 


152 I Oai! i(l’0,),.ll ,0 - 0-4r50a.n ,( ‘‘tg), : 0 }270alil’Oi 

! " ' -i- { I SOlLO iO 2021*0);, -i ()-07H(JaO 


Changes during Neutralisation. - In the luaitrahsedion of phos- 
phoric acid witli lime there is only a gradiud increase* in tlie 2 ;il value 
until more than one ee-uivalent of lime has b(;eu mided ; that is until 

Pariu'-l 1, J. Soc. Clic.iii. J mL, 1021), 45 . .'Mltl'. 

- BasscU, loc. cit.i also Britton, Cfuju. ^oc., Io27, ]). GBl. 

Cameron, Seidell and Pell, J. Amc.r. CIluh. Soc., 1905, 27 , 1503. 

Bassett, ZtlUch. anonj. Chmi.^ 190S, 59 , 1. 
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some 33 per cent, of the acid has been neutralised, corresponding to 
the formation of CaPP^PoOs. The pJrl value tlien begins to increase 
more rapidly with further addition of lime and a ])rcci])itation of di- 
calcium phosphate, Ca.oPIoToOg, may occur if suflicicnt time is allowed.^ 
When 39 to -15 per cent, of the acad has ]:)cen I'lciitraliscd there is a shar]o 
drop in the pH value, which is due probably to the precipitation of 
dicalcium phos])hate from supersaturated solution. This not only 
leaves the solution relatively poorer in hydroxyl ions through the 
removal of HPOy , since by hydrolysis 

I IPO,-- A H“ ^ oir — -> H,po,- ~ on- 

but also diminishes the ratio Ca0/P205 in the solution, since a solid 
corresponding to 67 per cent, neutralisation is being removed from a 
liquid corresponding to 45 per cent. The precipitation may be delayed 
until about 1-i equivalents of lime have been added and tlie pH value 
has become 6*7. ^ Further addition of lime then produc'cs a gradual 
increase in alkalinity, absolute neutrality {pI-I-=7) being reached 
after the addition of about 2 equivalents, i.e. at 67 per cent, neutralisa- 
tion. A slight further addition of lime then produc-cs a sharp drop in 
the alkalinity, which is not obsc'rved however whci] the neutralisation 
is carried out in the presence of dissolved sucrose.- This “ kink ” in 
the curve is probably due to siqicrsaturation. The process of deposition 
■with increase of acidity in the ])rescnce of precipitated solids would 
probably continue much finther if suflicicnt time -were allowed, since 
it has been calculated from the results of Ihissett that the solution in 
equilibrium with dicaleium j)hosp]iatc or (o'cn with, tricalcium ])hos])hate 
has a much greater acidity (/dl ap])roxiniatcly 5-5) than tlie solutions 
in which these ]:>rceipita.tcs arc first ])rodu('ed. A continuation of the 
titration with lime up to 3 e(|uivalents (109 per (‘cnt. neutralisation) 
gives only a slight increase in alkalinity, wliich becomes somewliat 
greater after the addition of* 3 ecpuivalents. In contradistinction then 
to the alkalies and even baryta, and strontia, calcium liydroxidc a])par- 
ently does not give high alkalinities when in the ])rcsencc of ])rccipitatcd 
calcium phos])hatc. This is due not only to the sparing solubility 
of Ca(OIT)2, hot also to its combination with Ca^PoOg to give hydroxy- 
a, I ) a t i t e , 3 C a 3 P 2 O g . P a. ( O I [ ) 2 - 

The practical significance of these observations is that phosphates 
can only remain fi’ccly soluble in soils with a relatively high acidity 
(pH less than 5*5) ; the solid ])rcscnt \n contact with sucdi solutions 
is either CaII,]^2^^R-^^2^ hncly divided and anhydrous 

state. Xcutraf or ev'cn faintly acid solutions (pll 5*5 to 7-()) will 
contain but little dissolved phos])hate, being in equilibrium with 
CaHP0,.2ll20, ('a3(PO,)2 or C'a(0Il)2'3Ca.3P20H, or' a mixture of 
these solids. Thc^ solubdity of these solids is iiowevcr suflieiemt for 
the requirements of ])lants, since it is found thiat the amount of ]:ihos- 
phorus in tlie extract even of a rich soil is only of the order of 1 milli- 
gram per litre, while soils of average fcatility may contain only OT 
to 0-2 milligTam ])cr litre. Tlic fact that this very low coiuientration 
appears to be suflicicnt for the growth of ]rlants makes it probable 
that these arc able to use insoluble ])hosphatc,'^ as has also been pointed 

^ Jtirnoll, J. Soc. Chtni. Ihd., 1926, 45 , ,‘U.aT. 

- Bntion, Tran.^. Chern. Soc., 1927, p. 614. 

^ Tidtriore, J. Atntr. Soc. A(jro}>.., 1930, 22 , 481. 


222 


PHOSPHORITS. 


out by N. M. Comber and others. It is important that there should 
be a sufficient reserve of phosphate in the soil which may gradually 
become available. The removal of phosphoric acid by plants increases 
the amount of basic phosphate and should be compensated by the 
addition of an acid-producing fertiliser such as ammonium sulphate. 
The value of phosphates in a really soluble form has long been 
recognised. 

The Acid Phosphates. — On account of the relatively higher 
degree of dissociation of sulphuric acid it is capable of liberating 
phosphoric acid from phosphates, and the reaction is favoured by the 
low solubility of calcium sulphate. 

CasP oOg + 3H0SO4 ^CaSO., + 2H3PO4 

This probably is the first stage of the reaction by which superphosphates 
are produced. It is succeeded by 

Cagl^Og -4H3PO4 -8CaH,P203 

When two mols of sulphuric acid are added to one of the tribasic 
phosphate more than 96 per cent, of the phosphate is rendered freely 
soluble in water, superphosphate being formed as follows : — 

Ca.PoOg 4- 2 H 2 SO, = 2CaS04 -r Call^PsOs 
In ]U’acticc it is arranged that a little of the tribasic phosphate is left 
undecomposed, and this then reacts according to the equation 

Ca-jPoOg -r Call^PsOB = fCal-IPO^ 

The amount of freely soluble phosphate is thus reduced. When the 
superphosphate is brought into contact with water the insoluble ]:)art 
is increased by the production of a solution containing from 12 to 
times as much phosphoric acid as lime (see ]). 220), or about 4 times 
as much when CallPO^ is present as a solid. The presence of CaSO^ 
in commercial phosphate docs not much alter these ratios, as is shown 
by the following solubilities : — ^ 


Solid Phases. grams/litro. CaO grams/liiro. 


CaS04.2lIo0, CaHP04.2lloO, 817 

1 Callup, O3 

i CaS 04 . 2 lIoO, CaSO^. 545 

I Call^PoOs.Hp I 

The ratio PoOg/CaO is 4T in the solutions which arc in contact witli 
solid “reverted” phosphate and sul])hate of lime, and 14 in tlic 
solutions whicli arc in contact with solid su]:)C]’})hos])]iatc and sul])hatc 
of lime. 

The Manufacture of Superphosphate. 

The finely ground rock is mixed with sulphuric acid in the pro- 
poi'tions required by the equations 


i / 

88 


CaCO^ + TIoSO^-MIoO^ 
Ca3Po08 + 2113804 -i- 5 ir 30 : 


:CaS04.2lIT3 -fC Oo 
: Cixl [4 P oO 8 J i 3O -i- 2 [ Ca 8 O4 .211 3O I 


^ Cameron and Boll, J. Jvier. Ghcvi. Soc., lOOl), 28, 1220. 
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The evolution of carbon dioxide plays an important part in keeping the 
mass porous ; if a sufficient proportion of carbonate is not present in 
the rock it may be supplied by blending. The heat evolved by the 
reaction is used to evaporate the surplus water. This heat depends 
on the eomposition of the rocks— those which contain much carbonate 
evolve more heat and may be treated with cold acid, while those which 
contain little may require hot acid. Chamber acid of density 1*53 
to 1-61 is used ; this is also the chief source of the water required. 
The hydrates retain their water when dried at 100° C., or even to a 
great extent up to 150° If artificial drying is used the temperature 

should not idse over 150° C. or else an undue proportion becomes 
insoluble. The loss in weight is 10 to 12| per cent. The product 
hardens on cooling and is cut out and powdered by a mechanical 
disintegrator (see p. 226). It contains, when freshly made, 30 to 
45 per cent, of phosphate (calculated as Ca3P20g) soluble in water, 
according to the composition of the rock used. A more concentrated 
form (“ double superphosphate ”) is made by adding sulphuric acid 
sufheient in amount to set free all the phosphoric acid, which, after 
hltration, is concentrated to a syrup and used to decompose more 
phosphate according to the equation 

Ca3P20g A 1 H 3 PO 4 +3HoO =3(CaH,P203 -f-I-IoO) 

The manufacture has been of great value as an outlet for surplus 
sulphuric acid, of which 11 cwt. (69 per cent, acid) is required for 
every ton of (ordinary) superphosphate. 

'' Retrogressioyi'' — Supcr]dios]:>hatc may require to be stored for 
several months, and during this time insoluble CaHPO^ is formed 
according to the equation on p. 222 from the small amount of un- 
decomposed Ca^PoOg. Even a week after manuracture the soluble 
phosphate may have diminished by about 2 to 4 per cent. This 
retrogression is particularly marked when the phospliatie material 
contains more than 2 per cent, of iron plus alumina. The excess of 
these bases reacts with the Call^jPoOg to give insoluble phosphates of 
iron and aluminium according to the equation 

CaHiPgOg.n.O +Fe.(SO,)3 -• oIIoO 

- 2[FcPbi.2ll20] + CaSO,.2l-l20 2 H 2 SO, 

The ]Dhosphates of iron and aluminium form gelatinous precipitates 
which arc insoluble in weak acids, or in hydrolysed acid phosphates 
or sulphates. Ferric* ]:)hos]:)hatc may be decomposed, using up more 
sulphuric acid, as in the equation 

3 FcPOi r.-IIIoSO, FcPO,.2H3PO, -^Fc, (80^)3 

or it may easily lose its water, becoming insoluble, thus : 

FcPO,.2lIoO - CaSO^ == CaS04.2lIo0 + FePO, 

If the original rock contains up to 2 per cent, of iron oxide the resulting 
])hosphatc of iron is soluble, but with more than 4 per cent, of iron 
oxide the phos]:)hatc is insoluble — hence such a rock is considered 
unsuitable for the manufacture of supcrpliosphate. The ''regression” 

* At tliis teiiip^‘^’<A ure, liowevor, 7*eiroaro.s.sion i> liatle lo occur, anil also the formation 
of pyro- or mcla-phospbaie. 
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of the phosphate by the iron salt just described may be avoided if tlie 
rock is dissolv''ed in amnionium sulphate solution and then treated with 
sulphur.dioxidc ; the iron is then converted into (XIi4)2S04.FeS04.()I-IoO. 

TJie Treatment of Special Ores. — Alumina does ]iot appear to induce 
“ retrogression.'’ It may be removed by caustic alkalies or liot 
alkali carbonate solutions. Redonda phosphate (AIPO4) may be made 
soluble by fusion with ammonium l^isulphate, giving a dry powder 
which is a mixture of ammonium alum, ammonium bisulphate and 
biphos]:»hate. 

Rocks which contain calcium chloride or fluoride (apatites) are 
decomposed according to the equations 

CaClg 4 H0SO4 = 2 HC 1 CaSO^ 

CaFg 4 H2SO4 - 2HF 4 CaSO^ 

The corrosive gases which are liberated are absorbed in towers con- 
taining water and furnish solutions of hydrochloric or hydrofluosilicic 
acid by reaction with the silica of the phosphate rock. Thus 

4HF4SiOo = SiF4-^2KoO 

SiF^ 4 2HF=HoSiF, 

By addition of common salt silicoQuoride may be precipitated and the 
filtrate may be worked up for hydrochloric acid. Thus 

HoSiFg 4 2 XaCl = X^aoSiF^ 4 2 IIC 1 

Apatite may be treated by the following ]U'oeess (Palmer) : — ^ 
Perchloric or chloric acid made by electrolysis of the sodium salts is 
mixed with the coarsely ground rock. The liquid, containing I-I2PO4, 
is precipitated b}” the alkaline kathode liquors so as to give a slightly 
acid precipitate of the com])osition CaFIP04.2ll20, which is soluble 
to the extent of 95 per cent, in ammonium citrate — see Phos])hatc 
Analysis (p. 225 ).- 

Phosphoric Acid.— By using three mols of sulphuric acid instead 
of two, the whole of the lime is converted into sulphate and the whole 
of the phosphoric acid set free according to the equation 

Ca oPoOs 4 8I-I0SO4 - 2H3PO4 4 8CaS04 

The raw material should contain at least 50 per cent, of and 

be as free as ])ossible from sesquioxides. It may be ignited if high in 
organic matter, reduced to a. fine powder, and fed contimiously into 
tanks lined with wood or hard lead alloy, where it meets on the counter 
current principle hot sulphuric acid of about 5 per cent, concentration. 
The reaction is cj[uickly completed and tlie preci])itated calcium sul])hate 
is allowed to settle aiid filtered off continuously through filter ]>rcsscs. 
This sulphate is “ ]:)hosphatic gypsum ” and contains 8 to t ])er cent, 
of phos])horic acid of which 1 per cent, is soluble in water. Th.e 
solution is eva]:soratcd in wrought-iron pans u]) to a conccaiti'at ion of 
50 ]:>cr cent. ])hos])horic acid, which may be further refined for use in 
pharmaceutical pi'oducts or foods. 

^ J/rrjjfridl Mnif-ral Ursojircfs Hurcdu PufAicution-, " jni()s])h(itvs. It) IS-J f) Hi p ILM. 
Stationery 0riic(', 1021 : CHu-.niirnt A(/r, I92G, 14 , 93. 

“ A full account of tiie technical pi-cparation of pliosphorus ])ro(luct.s with abstracts 
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The crude phosphoric acid is also used in the manufacture of “ high 
analysis or ‘‘ triple superphosphate.” The solution containing about 
45 per cent, of H3PO4 is mixed with more of the ground rock and 
evaporated. The product, distinguished from ordinary superphosphate 
by freedom from gypsum, sets to a tough mass. It is broken up while 
comparatively fresh and dried at about 200° C. It contains CaH^Po^s 
mixed with sandy crystals, is non-hygroscopic and may have the 
following composition : — 

Total ?205 . 

Water-soluble P2O5 . 

Citrate-soluble P2O5 

Citrate-insoluble P2O5 

together with fluoride, sulphate, other bases (Cu, etc.) and about 2 per 
cent, of water. -‘■ 

Electrolytic Methods. — If apatite or other phosphatic material is 
placed round the anode in a solution of sodium chloride which is being 
electroh'Sed, a citrate-soluble calcium phosphate is precipitated. Or 
perchloric acid may be made separately in the anode compartment and 
mixed with the alkali produced at the kathode, giving a precipitate of 

CagHoPoOg.^ 

Alkali Treatment. — Phosphate rock may also be made soluble by 
heating the powdered material with soda ash, carbon and silica, thus : 

Ca3(P04)2 + 3SiOo + 3Xa2C03 ^SCaSiOg -1- 2Na3P04 + 3CO2 


48-0-49-0 
41-0-42*0 
4-0- 5-0 
2-0- 3-0 


CaO 20-S0 

"^AloOg 2*25 
‘ KoO 2-0 


XasO 

SiO, 


1-4 


The Ilistorij and Technology of Sn/per phosphate Mayiiifacture. 

Allusion has already been made to the suggestion of Liebig that 
bones could be made more available for agriculture by hne grinding 
and treatment with acid. This treatment of bones and other phos- 
phoritie materials was patented by J. B. Lawes in 1842, but the claim 
was modilied later to cover only minerals such as apatite, phosphorite, 
etc. A paper published by the Bev. TIenslow called attention to the 
use of crag coprolites from Suffolk, which with guano and bones were 
used b}' Lawes in his factory at Deptford. From 1842 to 1854 the 
manufacture was essentially a British industry and in the early period, 
until about 1870, the plant was of the simplest description. The right 
quantity of acid, determined b}" trial and error, was run on to a heap of 
ground phosphatic material in a “den” made of tarred pitch pine or 
tarred bricks secured by cast-iron plates, and mixed by means of rakes 
and shovels. The mass soon set and dried itself by the heat of the 
reaction, and after storing for a month or so was broken up, screened and 
bagged. The only machinery used consisted of stone mills for grinding 
the rock. Rotary stirrers operated by hand were sometimes installed and 
were in service into the twentieth century. The production of 1 ton of 
superphosphate requires about 11 cwt. of chamber acid, 69 per cent. 
IT2SO4, an cl the weight of superphosphate from a good grade of rock, 

^ Larison, Ind. Eng. Chera., 1929, 21 , 1172. 

“ Lalmaer, United States Patent, 748523 (1903); Wiborgh and Palmaer, ibid., 707886 
(1902). 
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containing about 32 per cent. P0O5, is rather less than twice the weight 
of the rock. This industry helped to absorb some of the large excess 
of sulphuric acid which became available after the decline of the 
Leblanc process. 

The necessity of mixing in a closed room by external power became 
urgent with the introduction of rocks which evolved hydrochloric or 
hydrofluoric acid when treated with sulphuric acid. Machinery suited 
to these operations has now been devised.^ The stone grinders were 
replaced by ball mills and later by rotary crushers and roll-jaw crushers 
which will reduce 90 per cent, of the material to a fine powder which 
will pass through a sieve having 10,000 meshes to a square inch. Hand 
labour was employed at first for the mixing. Charges of sulphuric acid 
and phosphates were weighed into a closed den and, after the 
reaction was completed, were dug out with the aid of gravity. These 
reaction chambers were replaced by mechanically operated “dens,'’ 
some of which could be rotated. Various t3qDes of mechanical exca- 
vators are used. In one the block of superphosphate is forced by a 
ram against tearing and cutting wdieels, and the broken material after 
falling through a grid is elevated to the storage rooms. Or the fixed 
chambers, each holding 150 to 200 tons, arc emptied by grab-buckets 
which are let down into the mass. The reaction in modern plant, 
aided b\^ fineness of grinding and good mixing, is complete in a few 
minutes. 


Mixed and Concentrated Phosphoric Fertilisers. 

The manufacture of fertilisers containing potassium or ammonium 
or both in addition to phosphoric acid has called for an accurate know- 
ledge of the interaction of the salts concerned and also for the greatest 
refinements of chemical engineering in order to produce a material of 
uniform, dr^^ and yet not dust\’ character. 

Potassium Phosphates. — Basic or neutral phosphates (Rhenan.ia 
phosphates) may be made direetl}' from rock phosphate h\^ mixing it 
with potassium chloride, some form of carbon and soda, ami lieating 
to over 1000® C. in an electric furjiace.‘' One of these products lias the 
composition CaoKNaPoOg, with some silica. Such products may 
contain 23 to 31 per cent, of soluble phosphoric acid. Ikitassium 
superphosphate has been made by mixing ])otassium sul])liate and 
calcium ca.rbonalc with concentrated phos])horic acid in a lead-lined 
vessel.^ The CaS04.2H20 is separated ami the liltcr-prcssed solution 
is evaporated to dinmess by steam heat. The residue ma\^ be treated 
with more phosphoric acid and again evaporated. The reaction is 
expressed b}'^ the equation 

KoSO.^ 2H3PO4 CaCO. ^ 2KH0PO4 -i- CaSO^ v CO. v IIoO 

Ammonium Phosphates. — Ordinaiy superphosphate mav be 
treated with aqueous ammonia up to 3 per cent, without an\' marked 
increase in the citrate-insoluble proportion.^ The calcium salt is ])resent 

^ l^^arrish and Ogilvie, ^’'Artificial Farlilisersf vol. i., Benn, 1927. 

- Wedge, 'United States Patent, 1624195 (1927). 

^ '^Annual Reports of Applied Chemistry,''’ 1922, p. 434. 
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as Callup 2^8 CaPIP04 up to 2 per cent, of ammonia, but is wholly 

converted into CagPoOg at 6 per cent, ammonia.^ 

The ground rock may be treated directly with 2 mols of sulphuric 
acid and 1 mol of ammonium sulphate, which react according to the 
equation 

Ca3P208 + (NH4)2S04 ^ 2H2SO4 = BCaSO^ -r- 2(NH4)H2P04 

The solution is filtered from calcium sulphate and more ammonia is 
added until the phosphates of aluminium and iron settle. On concen- 
trating the filtrate phosphates and sulphates of ammonia may be 
crystallised.^ 

In another process crude calcium acid phosphate is mixed with 
ammonium sulphate solution below 80° C., and the mixture concen- 
trated and filtered, wdren (Nll4)H2l^04 crystallises. (XH4)oHP04 is made 
from ammonia, fumes of phosphoric acid and water, ^ Or calcium phos- 
phate is just dissolved in sulphuric acid, the calcium sulphate filtered 
off and the acid solution treated with ammonia and carbon dioxide. 
The ammonium sulphate and phosphate form a good mixed fertiliser.^ 

Very soluble fertilisers are prepared by reactions between phosphoric 
acid and ammonia or its salts. Thus, if ammoniacal gas liquor is mixed 
with crude phosphoric acid, diammonium phosphate, (XH4)2HP04, 
may be crystallised in the anhydrous state. ^ The composition of 
such products may range from \o per cent. P2C^5 fd per cent, 
nitrogen to 18 per cent. P0O5 and 18 per cent, nitrogen. By varying 
the pro])ortions, monoammonium ])hospliate, (XPIJITgPO,^, ma\^ be 
obtained as a white granular solid, which is non-hygroscopic and stable 
undcj’ ordinary conditions. The product prepared by evaporation 
down to 2-3 ])er cent, of water and grinding contains about 53 per 
cent. P2O5 (of Avhich 48 per cent, is soluble in water), with 13*3 per 
cent, of ammonia and up to 3 or 4 ])er cent, of a mixture of iron and 
aluminium, magnesium and the alkali metals.^' 

Various sulphophosphatcs ” arc made by mixing ammonium (also 
alkali) sulphate solution with 55 per cent. H3PO4 at 80° C., thus : 

(Xll4)oS04 -i- li.>P04 = (Nll4)HS04 - (NH4 )HoP04 
K 2 SO 4 -1- IIJT).! ---- KHSO, -f Kil 2 P 04 

The products may be obtained in a dry form and are easily soluble in 
water. On aeeount of their high pro]3ortion of free acid they may 
be mixed with basic slag or ])bosphatic chalk and still retain a large 
])ro])ortioii of soluble phosphate. 

By sta.i'ti ng with a piirc'r phosphoric acid, ajumonium salts may be 
obtaiuc'd in a ])urcr state. If ammonia gas is passed into 75 per cent. 
phosj)ii()ric acid a. reaction takes ])lacc with great heat evolution, and 
on cooling acid ammonium plios})hatc, (XH4)ll2P04, crystallises in the 
anhydrous state. Further saturation with ammonia yields a mixture 
of the mono- and di-ammonium salts, and on further addition of con- 
centrated ammonia solution, or by carrying out the wirolc reaction in 

^ Ross, J/id. Jy//g. Chem., 1931, 23 , Xo. 1, 10. 

“ Gordon, Jy/ty/ish l\il(:nl^ 3U)-i28 (1028). 

Jdiacock, U lilted State, << Patent, 995898 (1011). 

’ Liljeiiroili, P/igli.'ish Patent, 2758-13 (1926); sec also English Patent, 252953 (1925). 

^ Chemical Age, 1929, 21 , 602. 

Larison, loc. cii. 
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more dilute solution, the salt (XH4)2HP04 may be obtained as white 
non-hygroscopic crystals containing 53*8 per cent. P2O5 and 25*8 
per cent. NHg. 

By suitable combinations of the methods just described, mixtures 
of potassium and ammonium phosphates may be prepared. The 
preparation of very concentrated fertilisers containing potassium and 
ammonium phosphates has been described by Ross and Merz, 1916,^ 
Ross, Jones and Mehring, 1926 .^ 

Mixed fertilisers containing ammonium phosphate with other salts 
have been made in the form of cylindrical granules like smokeless 
powder.^ The slower operations of solution, neutralisation, evapora- 
tion and crystallisation are avoided, the bases, acids and neutral com- 
ponents being combined, ground, mixed and kneaded in one operation. 
Salts of potassium or other base are passed through valve-locked 
mains into a mixing pan which contains scrapers and muller mechan- 
isms enclosed in a gas-tight hood. Liquid phosphoric acid and gaseous 
ammonia are admitted simultaneously with the salts and combine 
under pressure in about ten minutes to form diammonium hydrogen 
phosphate. The sticky mass is removed by means of a vertical screw 
and passes into an extruding machine which had to be designed specially 
deal with non-plastic masses. The extruded sections are dried, 
J with cold air, then at a temperature below 70° C. They are then 
: into pieces about 1|- diameters or 1/8 inch long, screened and 
polished. The product is uniform, non-hygroscopic and is easily 
drilled into the land, 

^ United States Fatenity 1 191615 (1916). 

- United States Patent, 1598259 (1926), 

Klugh; reported in Chemical Age, 1032, 26, 274. 
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SUBJECT IXDEX. 


Absoiiptiox of radiation by gaseous and 
combined phosphorus, 26. 

Acids, Phosphorous, Phosphoric, etc., see 
under “Phosphorous,’' etc. 

Alkali phosphides, 60. 

Alkaline earth phosphides, 61. 

Alkyl hypophosphites, 146. 

— phosphates, 167. 

— phosphites, 146. 

Allotropic forms of phosphorus, 31 et seq. 
Allotropy, Theory of, 38, 39. 

Aluminium phosphides, 63. 
Amidodiphosphorio acids, 200, 201. 
Amidometaphosphoric acids, 198 ct seq. 
Amidophosphoric acids, 197, 198. 

Animal bodv. Proportion of phosphorus, 
4. 

Antimony phosphides, 6d. 

Arsenic phosphides, 64, 65. 

Atomic weight of phosphorus, 43-50. 
Atomicity of gaseous phosphorus, 24, 25. 


Barium pliosphidc, 61. 

Basic slag, 216, 217. 

Black phosphorus. Crystalline structure, 4. 

, Preparation and properties, 40, 41. 

Bone-ash, 5, 211, 213. 

Bones, 4, 210. 

Boron phosphide, 63. 


Cadmium phosphides, 63. 

Caesium phosphides, 61. 

Calcium phosphates. System lime-phos- 
phoric acid, 218. 

— phosphide, 61. 

Chemical combinations of phosphorus, 27. 
Chlorides of pliosphorus, see “Pliosphorus 
chlorides.” 

Chromium phosphides, 65. 

Cobalt phosphides, 66. 

Combined phosphorus. Physical properties, 
51 ct seq. 

Condensation of phosphorus vapour, 40. 
Copper pliosphides, 61, 62. 

— salts, Reactions with phosphorus, 28. 
Critical constants of phosphorus, 37. 
Crystalline forms of phosphorus, 17. 


Demsttius of solid, liquid, and gaseous 
phosphorus, .16, 20, 24, 32, 33, 41, 
42. 


Detection of hypophosphites, etc., see 
“ ITypophosphites,” etc. 

phosphorus, 30. 

Dipole moment of phosphine, 57. 

Electric furnace method for tlie prepara- 
tion of phosphorus, 8. 

Estimation of hypophosphites, 148 et otq. 

phosphates, 180. 

phosphites, 148 et seq. 

phosphorus, 30. 

Fertilisers, Uhosphatic, ^Manufacture of, 
225, 226. 

— , , Mixed, 227, 228. 

Eirew’orks containing phosphorus, 12. 
riuophosphoric acid, 89, 106. 

Eluorcscence of phosphorus vapour, 26. 
Fluorobromide, Fluorochloride, etc., see 
“Phosphorus fluorobromide,'’ etc. 

Glow of phosphoims, 1 16 et seq. 

Gold phosphides, 61, 62. 

Guanos, 215. 

Heat of dissociation of gaseous phosphorus, 
24. 

fusion, Latent, of violet phosphorus, 

37. 

, — , of white phosphorus, 15, 16. 

sublimation, Latent, of fihosphorus, 

36, 37. 

vaporisation, Latent, of liquid phos- 
phorus, 23. 

— , Latent, of hy])ophosphorous, phos- 
phorous and phosphoi’ie acids, 1.3G, 
141, 160, 171. 

— , Specific, of white phospliorus, 15, 
History of phosphorus, 2, 3. 

compounds, see under respective 

compounds. 

Hydrogen phosphides, 68 c.t seq.; see also 
under “ ITiosphinc," etc. 
Hydroxyphosphincs, 82. 

Hypopliosphatcs, 153, 15J. 
Llypophosphitcs, 139, 140. 

— , StriicUire of, 145-147. 

Hypophosplioric acid, 150-153. 
Hypophosphorous acid, 135 et seq. 

, Detection, 148-150. 

, Estimation, 148-150. 

Imido-derivatives of diphosphoric acid, 

201 , 202 . 
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Ionisation of air bv clowiim' phosphorus, 
122, 123. 

— potential of phosphoi'us, ] S. 

Iron phosphides, 66. 

Latent heats, see under “Heats.’' 

Lead phosphides, G4. 

Lime, Phosphates of, see undei' “Calcium.’* 

Manganese phosphides, 65. 

Mass spectrum of phosphorus, 49, 50. 
Matches, Composition of, 11. 

MeltinE-poini of phosphorus compounds, 
see under respective compounds. 

red phosphorus, 33. 

violet pliospborus, 35. 

white phosphorus, 14, 15. 

Mercury phosphides, 63. 

Metallic salts, Keactions with phosnhorus, 
27, 28. 

Metaphosphoric acid, see "Phosphoric 
acid, Meta-.’* 

Metaphosphorous acid, 147. 
Metaphosphoryl bromide, 112. 

— chloride, 110. 

Mineral phosphates, 1, 21 1-216. 

Molar weights in liquid phosphorus, 16. 

of gaseous pliosphorus, 24. 

of phosphoi'us compounds, see under 

respective compounds. 

Molybdenum pliosphidcs, 05. 

XiCKtiL phosphides, 67. 

Xitnlodipliosphoi’ic acids, 2b2. 
Xitnloti'imetaphosphoric acid, 202. 

Oceanic deposits, 208, 209. 

Organic compounds of phos])horus, 56. 
Oxidation of pliosphorus, 27, 116-124, 126, 
131. 

OxvEon, Bate of absorption bv phosphorus, 
118,119. 

Oxyhalid(;s of phosphorus, 105-112; see 
also “ Idiosphorus oxylluoricle,” etc. 
Ozone, Production of, by oxidation of 
])hosphorus, 120. 

Packing ctt'ect for phosphorus atom, 40. 
Parachors of phosphorus compounds, 53. 
Pcrphosphoric acids, 184, 185. 

Phosphate mmerals, 208, 2 11-215. 
PhosphaK'S, Assimilation by plants, 209. 

— , Circulation of, 209-210. 

— , Distribution of, 214, 215. 

— , Meta, 176-179. 

— of lime, 218- 222. 

— , Ortho-, meta- and pyro-, 155. 

— . W orld's production, 215, 216. 
Phosphatie fertilisers, 209-218, 225-228. 
Phosphide, Hydrogen, Liquid, 80. 

— , — , Solid, 81, 82. 

Phosphides, Metallic, see under respective 
metals. 

Phosphine, 68-76. 

Phosphines, Alkyl, 82-85. 

Phosphites, Detection, 148-150. 
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Phosphites, Primarv and secondary, I 44 
145. ’ 

Phosphonium halides, 76-80. 

Phosphoric acid, Meta-, 174, 175. 

, Ortho-, Chemical properties, 166- 

IGS. 

, Ciystalline, 158. 

, History, 155. 

, Physical properties, 158-166. 

— , Preparation, 156-157. 

, Physiological action, 169. 

, Pvro-, 171-174. 

, Uses, 169. 

Phosphoric acids, Complex hetero-, 16S. 

, Dehydration, 170. 

, Detection, 179-180. 

, Estimation, 180-184. 

, Poh--, 174. 

Phosphorous acid, Chemical properties 
142-144. 

, Preparation and plivsical properties. 

140,141. 

Phosphorus, Alloys, 12. 

— , Assimilation by plants, 200. 

— , Atomic weight, 42-50. 

— , Black, 40-42. 

— bromides, 99-102. 

— bromomtndes, 206. 

— , Chemical reactions, 27-30. 

— chlorides, 77 et seq.; see also “Phos- 

phorus trichloride,’' etc. 

— chloronitridcs, 204-206. 

— , Colloidal, 29. 

— compounds, LNe in medicine, 13. 

— , Critical constants, 37. 

— , Detection, 30. 

— dichloride, 89. 

— , Discovery, 5. 

— , Estimation, 30. 

— fluorides, SO et seq. 

— fluoroammomate, S8. 

— fiuorobromidc, 88, 89. 

— fluorochloride, 88. 

— halides, 45, 48, 86 et seq. 

— in animal body, 4. 

bones, 4, 210. 

— iodides, 102-104. 

— nitride, 206. 

— oxides, 125-134. 

— ox\djromides, 111. 

— oxychlorides, 106-109. 

— oxylluoride, 105, 106. 

— oxyhalides, 105-112; see- also under 

“Meta-,” ”Pyro-." 

— oxyiodide, 112. 

— oxysu Ip hides, 192. 

— pentabromide, 101, 102. 

— pentachloridc, 96-98. 

— pentafluoridc, 87, 88. 

— pentoxide, 131-134. 

— , Physiological action, 12, 13. 

— , Bed, Preparation, 10, 31. 

— , — , Grcneral properties, 28, 29. 

— , — , Physical properties, 32, 33. 

— , Beducing action on metallic salts, 27, 
28. 



238 


PHOSPHOErS. 


Phosphorus, Reduction to, by carbon, d, 6. 
— , Scarlet, 29. 

— selenide, 195, 190. 

— sulphides, 186-192. 

— sulphoselenides, 196. 

— tetritadecasulphide, 190-192. 

— tctritaheptasulphide, 189, 190. 

— tciritahcxasulphide, 1S9. 

— tetritatrisulphide, 187, 188. 
tetroxide, 130. 

— thioamides, 203, 204. 

— thioamido-acids, 192, 193. 

— thioiodides, 1 15. 

— thiotriainide, 203. 

— thiotribromide, 114. 

— thiotrichloride, 112, 113. 

— thiotrifhioride, 112. 

— triainide, 197. 

— tribromide, 99-101. 

— trichloride, 89-93. 

— trifiuoride, 86, 87. 

— triiodide, 103. 

— trioxide, 125-130. 

— vapour, 23-27. 

— , Violet, 33-40. 

Phosphoryl ehlorodibromide. 111. 

— dichlorobromide, 110. 

— monochloride, 110. 

— tribromide, etc., see “Phosphorus oxy- 

brornide,” etc. 

See also under “Metaphosphoryl,'' 
“ Pyrophosphoryl.” 

Plants, Phosphorus as constituent in, 4. 
Platinum phosphides, 67. 

Potassium phosphides, 60. 

Pressure, Effect on melting-point of p>ho3- 
phorus, 38. 

— , Effect on oxidation of phosphine, 74, 
75. 

— , phosphorus, 123. 

Pyrophosphoric acid, see “Phosphoric 
acid, Pyro-.” 

Pyrophosphorous acid, 147, 148. 
Pyrophosphoryl chloride, 109, 110. 

Red phosphorus, 28, 32; see also “Phos- 
phorus, Red.” 

Eefractivity, Atomic, of combined phos- 
phorus, 55. 

— of gaseous phosphorus, 25. 

— of licj[uid phosphorus, 17. 

— of solid phosphorus, 17. 

Rubidium phosphide, 61. 

ScABLET phosphorus, 42; see also “Phos- 
phorus, Scarlet.'’ 

Selcnidcs of phospliorus, 195, 


^ vSelenophosphatcs, 196. 

Signal lights, 12. 
j Silver phosphides, 61, 62. 

I — salts, Reactions with phosphorus, 28. 
i Sodium phosphides, 60. 

! Soils, Content of phosphorus, 4, 209. 
Solubilities of phosphorus compounds, see 
under respective compounds. 

— of white phosphorus, 19, 20. 

Spectra of phosphorus and its compounds, 
26. 

glow, 123, 124. 

Stereochemistry of phosphorus compounds, 
55, 56. 

Strontium phosphides, 61. 

Structure of phosphorus compounds, 52; 
see also under the respective acids, 
etc. 

Superphosphates, 222 et seq. 

Surface tension of liquid phosphorus, 23, 

phosphorus compounds, see under 

respective compounds. 

Tetrapuosphores heptasulphide, 189, 190. 

— trisulphides, 187 seq. 
Thioamidophosphorio acids, 202, 203. 
Thiohalides of phosphorus, 112-115; see 

also “Phosphorus thiofiuoride,” etc. 
Thiohypophosphates, 193. 

Thiophosphates, 193-195. 

Thorium phosphide, 64. 

Tin phosphides, 64. 

Titanium phosphides, 63, 64. 

Tungsten phosphides, 65. 

Uses of phosphorus, 4-13. 

Valexcy of phosphorus, 58, 59. 

Vapour density' of phosphorus, 23, 24. 

— pressures of liquid phospliorus, 22. 

red phosphorus, 32, 33. 

violet phosphorus, 35. 

Violet phosphorus, 33-35. 

Volumes, Volar, of combined pliospliorus, 
51-53. 

— , Specific, of liquid phosphorus, 21. 

Water, Action on phosphorus, 27. 

White phosphorus, see under “ Rhos- 
phoriis.’' 

X-ray absorption by phosphites, 1-4 7. 

— diffraction by black phosphorus, 41. 

Zinc phosphides, 63. 

Zirconium phosphides, 64. 



